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PREFACE 



This manual has beon prepared to meet the needs of 
students l>eginning work in the Physical Lahoratorv of tlie 
University of Michigan. Such a hook must inevitahly 
I>ossess a certain local coloring peculiar to the conditions 
it lias been designed to meet. A manual eijually suited to 
all laboratories, has not been and probably will not hv writ- 
ten. Each laboratory reflects in greater or l(»ss <lcgree tin* 
individual trend of the man who stands at its head, 
and its exercises and methods are the nsult of an 
extended process of adaptation and assimilation. HtMice 
it happens that one laboratory is largely devoted to the 
stud}' of the phenomena of light, another to those of elec- 
tricitv, and a third to those of elasticity, heat, or electro- 
chemistry, as the ca.*^e may be. The moral of all this is, 
that the practices and traditions of each laboratory are. 
lx*st conserved by a text repres(»ntj!tive of its own metluxls. 
and if no better reason sliould be found, i)erhaps this mny 
serve to explain the a])pearance of this, another lalK)ratarv 
manual. 

The exercises herein described emlnxlv the work 
required of students in Physics and in Engineering in 
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tlH'ir tirst courso in Pliysical Labonitorv Practice. Such 
a cuiir.so is (expected to occupy tlirec laboratory- periods of 
two hours each for one semester, and (Mubraces some thirty- 
six to forty of tlie exercises in this manual. Owing to the 
diversity of tlie work prescribcnl in the various courses in 
En<^inerrin<i;, no one stu(hMit is expected to complete all 
tin' ex(M*cises in this l)ook in a sin<^le semester. 

In accordanc(» with the i)ractice in the University of 
Michigan, it is (»x])ect(Ml that the lai)oratory work shall be 
sup|)lemented by lectures ujxm the theory of the (exercises, 
and recitations upon the work actually done and the 
results oi)tained. In this wav it is beli(*ve(l that the stu- 
dtMit is brought to a clearer understanding of the signifi- 
cance of th(» exercise and of the accuracy attainable under 
given conditions. To this (Mid tln^ exercises are numbered 
consecutivelv throui^hout the t(^xt, and thos(» under anv 
specific subject ar(» pnH'cded liy sufiicient theory to rcMider 
th(» formuhe and mtMhods clear to persons fiuniliar with 
the fundamental principles of Physics as set forth in any 
standard t<^xtbook. 

H«*in^ (lesiirncd for be»rinn<M's in the Physical Labora- 
tory, this manual makes no claim to complet<*ness, eitluM* 
in sui)ject matter or in exposition. The aim has been to 
furnish a (*oherent ami loui<**il s(»ries of i^rad<*(l c'xercises in 
Physical Measurement, such as will best furnish an intro- 
•duction to Practical Physics, and at the same time atlord 
o])p(»rt unity for developing al>ility in recording an<l inter- 
preting observations, and skill in the manipulation of deli- 
cai«' and sensitive apparatus. 

For convenience of reference a series of tables of the 
more important physical constants, of squares, cui)es, 
s(piare roots and reciprocals, of the logarithms of numbers, 
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and the trigonometric functions liavo been added. A 
thorough drill in the use of logarithmic tables in the com- 
putation of result;^, should form a feature of any success- 
ful course in Laboratory Practice. To this end an orderly 
method of procedure in such computation has at all times 
been insisted upon. 

The authors have drawn freelv from many standard 
works on Practical Physics, notably from those of Kohl- 
rausch, and Stewart and Gee in General Physics, and from 
Carhart and Patterson's Electrical Measurements. 

In conclusion we wish to thank our colleagues, Pro- 
fessors Carhart and Patterson, for helpful suggestions and 
criticisms during the preparation of the work. 

John O. Rked. 
Karl K. (fiTiiK. 

r3KIVEII8JT1^0r MICHIGAN. MARCH. \\m. 
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INTRODUCTION. 



The benefits to be (lerived bv tlie student from work 
in tlie physical laborator>' are two- fold. In the first place 
he is to become acquainted with delicate instruments, to 
l)e trained to make systematic, accurate and independent 
observations, and to compute, from the data so obtained, 
the values of many of the more important physical constants. 
Secondly, he is to make a searching review of the funda- 
mental principles of the science, and to be brought to a 
mere lively realization of the meaning and importance of 
formulae and laws deduced in the text-books upon general 
physics. To this end it is urgently advised that the student 
familiarize himself with all the details of the theory of 
th" exi>eriment, and ^ able to Hketvhfrom memory the appara- 
tus to be employed befon* beginning any experiment. An 
attempt to follow directions but dimly underj^tood, and to 
manipulate apparatus whose construction and purpose are 
a'ike unknown, can only result in loss of time, and labora- 
tory work under such circumstances is practically worthless 
as a means of discipline. 
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Instruments* Tlie hi»truni(Mits us^d in Xhv physic^al 
laboratory an* usiiallv of delicate constmction, many of 
tluMii costly and Table to injury from rough or careless 
usage. It 's of the highes-t im])oi*tance tliat all apparatus 
f*hould l>e handled witli care, and returned to its proper 
place after use. If any piece is found to Ik» out of 
adjustment or in need of ivpair, report the fact In^fore 
b(»ginning work. If any screws or other ])arts of an instru- 
ment, do not move readily, do not apply f<>rce but report 
the matter to the instructor in charc:e. The abilitv to use* 
d(»licate ppi)aratus without injuring (U' destroying it, is an 
important part of a liberal education. 

Record of Observatkms. All observations, data and 
necessary formulae, such as the time and place of the exer- 
cise, the specific instruments uschI, and obj<H'ts nu^asunnl etc., 
are to l)e reconh^d in a note lHH)k provided for that pur])ose. 
Such a book is to have.Arer/ Uaves. and to Im» made of ])aper 
suitabh* for writing with ink. The record is to Ik» made 
at the time of tM exjjerhHent, It must contain the d(»tailed 
information necessarv, must be clearlv written and ar- 
ranged in a neat, methodical manner, so that one familiar 
with the experiment may readily comprehc^nd what has 
been done. It should be sufficiently specific to be intc^lligi- 
ble after the circumstances of the experiment ar<^ entirtjly 
forgotten. 

A suitable form of record has been app(»nd(»d to each 
exercise* in tin* nuuiual, and the student will do well to fol- 
low these, at least until he is able to arrange* the material 
for himself. Tabulation of results in columns adds much 
to the n(»atn(»ss of a note book and materiallv assists 
in tlie d(*tection of errors, eitlx'r of record or of obs(M*vation. 
It is sugg(»sted thai the note books shoidd be casually 
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inspoctoil ]>y i\\v instructor, in his numds in the* l;i1)oratorv 
at mch exenMSi^ if possible. 

Th(» computation of results slif>ul(l ^^nerally he clone 
at liome, and the complett? t»xp<'rini(Mit recordofl in a sepa- 
rate note bt»ok to he handed to the instructor as the final 
re[K)rt upon the work of the eours(». In this book the date, 
number, name* and object of the «»xercise should pi^ecede 
the record of observations and the computed i*i>sults. This 
raat<^rial tog^Hher with any nect»ssarv explanatory memo- 
randa should ]>e written on the right hrnl ixige^ the left hand 
patje being n^served for sketches of apparatus, and the de- 
rivation of n4H*essary formulae. A separate page should 
always b(» begun for each nt^w experiment. 

Graphical Methods. It is frtM|uently of inttn^est to 
verify a law. stating the n^lation tliat is known to exivSt be- 
tween two quantities, or to d(»tect and determine such a re- 
lation where it is not known. In all such c^ses the results 
obtained by observation an» niost clearly presented to the 
eye when plott^nl as a curve. In the a])plication of the 
metliod it is customary to plot values of the independent 
variable as abscissae and those of the d^'pendent variable as 
ordinates. In all cases where the phenomenon under in- 
vestigation is continuous, a smo<nh curve sketched through 
the points obtaine<l, may be assumed to repres(Mit the facts 
better than any individual observation. The graphical 
inethvKl hiis the additional advantage that an accidental er- 
ror is at once made evident by the fact that the point .»*(> ob- 
tained departsi markedly from the rture. 

The curve most readily plotted and tested is the 
straUjht line, and it is customary so to transform the as- 
sumed relation as to remler tin* |)lotting f)f a straight line 
practicable. 
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For example, suppose it were desired to investigate 
the relation between the time of vibration of a pendulum 
and its length. If we assume that this relation may be 
expressed by an algebraic function of the form 

T =^ a 1™ 
we may determine the constants a and m from a series of 
observations. Passing to logarithms we have 

log T =^ m log 1 + log a. 

This is clearly of the form 

v ^= m X 4 c 
and is therefore the equation of a straight line. If now 
we plot values of log 1 as abscissae and the corresponding 
values of log T as ordinates, we may decide at once 
whether such a relation as we have assumed exists, and 
we may obtain yalues of a and m directly from the curve. 

It is not nec?ssary that the same numerical value 
should be assigned to a scale division on the horizontal 
and vertical axes. In general it is best to make the value 
of a scale division correspond, as nearly as possible, to 
the least quantity which we can measure. If this be 
impossible, such values should ba chosen for a scale 
division on each axis as will cause the curve most nearly 
to fill the page with the observations to be plotted. It is 
only in case we wish to determine from the curve a quan- 
tity which is represented by the tangent of an angle, i. e., 
which represents the ratio between the coordinates, that it 
is necessary to assign to them their proper relative values. 

A table of the dnta from which the curve has been 
plott(»d HlionUl in aU (^fsen accompany the curve, and the 
values assigned to a senile divmon on th(» horizontal and ver- 
tical ax(»s muHt be clearly stated upon tJiette axes. In prjictice 
it is well to prick with a needle the exact position of each 
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point on the curve and then draw round each point a 
small circle ii\ colored ink. All curves should l>e plotted 
upon special cross-sect ii>n paper, drawn in ink, and the 
|>oints clearlv marked as indicated above. In case special 
accuracy is desired it is well to use paper printed from 
engraved plates. The curves are to be inserted in the note 
\yoo\i after U^ ret!ord of the experiment. This is most readily 
done bv cutting away about two-thirds of a sheet length- 
wise, and psisting the stub to the back of the cross-section 
paper. 

The following data may l)e used as exercises in the 
plotting of curves. In case any set of data does/wo^ repre-^ 
sent couthnums pheuomena how should the curve be drawn t 
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Population ok the United States. 



Year 

179() 
1800 
1810 
1820 
1830 
1840 



Population 

3 929 214 
5' 308 483 
7 239 881 
9 633 822 
12 866 020 
17 069 453 



Year 

1H50 
1860 
1870 
1880 
1890 
1900 



Populatioii , 

23 191 876. 
31 443 321* 
38 5»8 371 * 
50 155 783 • 
62 622 250. 
76 303 387 



Jl. Attendance at the University of Michigan. 



Collegiate 


No. of 


Collegiate 


No. of 


Year. 


Students. 


Year. 


Students 


1881 82 


1534 


1891 92 


2692 


1882-83 


1440 


1892-93 


2778 


1883-84 


1377 


1H93-94 


2659 


1884 85 


1295 


1894-95 


2864 


1885-86 


1401 


1895 96 


3014 


1886-87 


1572 


1H96 97 


2975 


1887-88 


1667 


1H97 98 


3223 


1888-89 


1H82 


1898 99 


3192 


1889-90 


2153 


1899 1900 


3441 


1H90-91 


242( » 


1900 1901 


3712 
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III. Hystekksis Curve pok Swedish Ikon. 

The values are given for half a cycle only. To obtain 
the complete curve, reverse the signs of both columns. 

Strength of field Magnetic Induction. 

H B 

--..,- — 8300 

1.5 -..-.. _ 5816 

2.7 - 

ii.7 t 3041 

5.0 - - -f 5284 

6.6 ....... -t- 7037 

8.H ...--.- -i 8658 

11.3 ...... -I 9923 

16.0 ..... . ^ 11389 

25.2 -4 12898 

36.2 - ... - . -I 13808 

45.9 4 14430 

62.4 ..... . I- 15074 

45.0 - - - - - - ' -r 14652 

21.1 ----- - -f 13653 

6.6 -^ 11766 

4.6 ----- - i 11122 

...... ^ 8300 

Errors of Observation* In any series of nieasurcMnents 
of the same pliysical quantity, W(» find that the results 
differ slightly from one another, owing to imperfections of 
the instrument or errors in making tlie readings. These 
errors are not to be confoundt^d witli mistakes in calcula- 
tion or (M'rors in n»cording observations. These must of 
course be n^jected. First to hv considered are the acci- 
dental errors of obs(>rvation wliich, if the observations 
liavo b(»en made without any bias, or preconceived 
idea as to what tht* value ''on{iht to l}e/* are as likely to be 
l)()sitive as ohon as negative and may, in tlie long run, l)e 
considered as having litth' influence upon the mean result. 
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Ohviouslv tho infliHMico of sucli <'rn)rs is diiniiiisliod bv 

makinix ''<** ^^^^ jiImm* oi ol>s(»rviitions as larf^<» as possible 

an<l takiiijr th«» aritbin<»tical moan. This moan valiio will 

urobablv bo moro noarly corroct than anv ono of tlie indi- 

vidiinl obsorvations. 

It is not, bowoviM'v at all limes convoniont to multiply 
the number of obsiMvations, neither is it at alltinx^s nee- 
♦^ssary. If a set of Headings differ but lilth^ amonj^ them- 
selves, it is clear that little -vill be j^ained bv ine.reasin*; 
the number of such observations. On the other hand if 
tho individual readings differ markcnlly among lhoms(»lv(\s, 
a Miueh larger numb(»r must be tak<»n if tho average rea<l- 
iniT is to be considered as trustworthy. 

What is mon* to the puri)ose is to (h^tormine if possible 
the limit of error of the result, or the lyrolnibk arrHvanj of 
the average. This is<lon<» by computing what is known as 
the ''probable error'' of the moan result. Tho computation 
is made by writing tho Headings in a vortical column, and 
placing opposite each reading the diffon»nc<^ i)etwe(Mi it and 
the mean, making it plus or minus, according as the Head- 
ing is greater or less than the* moan.' This diflen^nce is 
termed the **residuar' for the obs(»rvation in (juostion. It 
is sliown in the theory of least squan^s that the* probable 
error of the mean of n obscM'vations, is 

K O.H74o J - -- , 

\ n(n 1) 

where s is the sum of tho scjuan^s of tho residuals of tho n 

observations. If e bo thr i)robablo error of a set of roa<l- 

ings, a the average, and x the* true value of xhr reading 

sought, then 



a : o X a o 



which means that the true value of \ lies l)(»t\v<'en the 
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mfnii ;»/m« tlip pnituibli' error and i\w rupiiii •nin'ii^ ilic 
proliiiblc t-rror. 

In ailditioti to accidental m'l-ors af ohservHtion. llirni 
aro to be coiisulervd thf tMTors arising from faiiltft in the 
UiHtrumetU or in iho niplhod of ohKcrvaiiini. Tliesc iii*e 
ClaHsed a? HyMU-.mutU; rntitit and nro ncitld'r to tx* pliminat*»d 
rior VstiTimtcd by computation. Tliay cannot be removed 
entirely, but may bo minimized In' rfpeatrd mfasiircnu-nts 
witli liiffcrciii instriniiPiitK in tli«' hands of difTerpnt 
observers. Much llioughl should ihr'ri'fore be cxpoiidfd 
upon devising correct iiii>tliods of oljservation. and meann 
Tor avoiding systematic errors, since upon t\w»e the accu- 
racy of tliP result «nu(*t fiuiilly de|)«nd. Students are to bti 
\irged to use judgment in tueasurcments and warned 
ftgninst excessive care in guarding agaiuHt minute mistakes, 
-while errors of the gnmsesl Iciiid are liabh' to be made in 
illif protest*. It fpetjuently occurs rliai a student tii meiu*- 
lUriug the length of jt wire will expend much time in deter- 
mining the length to liundrelhs of a viiniincter, and yel 
■make an error of a eentimt-ler in the result. 

Influence of Errors upon the Result. It is fretpiently 
necessary to CMinpnte a risulf from one or more ()uantitie9 
olitained by observation. In such cases it is of interest to 
deiermiup the ihliuence of errors in the observed (|uautitie»4 
upon the'compuU'd result. If X bti the value sought, and x 
tlie vivlu" of the (luantity *)bserved, then X is soroo 
function of x. If v be the error in x due to nil cnuset), and 
E the error in X consequent upon e, then 
X 4 E f I X ! e ) 

ll may be shown tluit the total error \s approximately 
d X 



K 



dx 



From a c-onsidcrarion of tlu* applications of ihis forrn- 

\i]i\ valuahlp siig*;t*stions as to nu^thods of mcasurrnuMU 

;in* ofti»n bhtainod, avIhmtUv tli(» pciTciuajir of (»rror mav 

1m- much reduced. Thus let it he re(^iiir*ed to <l(»t(M*minr 

the conditions most conducive to accuracy in tin* measure- 

Mient of an el(»ctncal resistance hv the slide wire In-idi^f. 

The expn»ssion for the resistance measured hy means <»f a 

^lidv win* hrid<ri* is 

1- K 

c - a 

where R is the known resistance in ohms, a the rcadin*^ 

<»n the hridge wire, c scale divisions in Irn^jftlK In this 

cas(» the expression for E hecomes • 

IT d r ^ c 

h e , - e K 



d a iv -d)'^ 



and the relative error 



E E c 

- (. _ _ 

X r a (c a| 

This expression will he a minimum for a liiaximum 
value of tin* denominator, a (c-al. But a ,c-a) is a 
maximum when a c a, or 2 a c; that i^, the ad- 
justment should l)e such as to i)rint' tin* readin*; to the 
jniddie of the scale. 

Interpolation* It is fn^juently <lesirahle to (evaluate a 
])hysical ([uantity Ix^youd the liniit of the suhdivisions of 
the instrum(»nt at our disposal. Thus let it he retjuired 
to weigh a Imdy to 0. 1 mg., while the smallest wcMght in 
till* hox of weights is 1 mg ; or lt»t it he n'(juired to <h*- 
tt'rmine the resistan<M' of a piece of wii-c to 0.1 ohm. hy tln» 
method of substitution whrn the known resistance is sid)- 
<livided to oinns onlv. In such cases the method of 
interpolation is applied. Thus let \ he the ohs('rv<»d 
uiumtity corresponding to the luiknown (piantity y . We 
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are to select two (jiiantities X and x, in the neie^hbarliood 
of x^ such that X > \ > x. L(*t the convsp ending val- 
ues of \\ lx» Y and y. Then if thes(» vahies lie noar enough 
together so that we can assume that Y — y is proportional 
to X - X, we find 

\V -- V I- (X, -X) „ — '^ . 

Hmts on CbmptftJitiDfu Tlu» fallowing suggestions re- 
gai'ding the computation of results will be found useful. 

(a) Taking ffte Mean. In taking the mean of a set of 
readings, it is ni^essary to average only those parts of the 
various readings which diffier among themselves. Thus if 
ten readings have tlie* first three figures 2()4, and differ 
onlv iti tJie tenths it is clearlv unnecessarv to averaiji* more 
than the tenths. 

(6) Signifleant Figures. The student should avoid 
carrying a result out to a large number of decimal places, far 
lH\vond th(» point where the figures have any significance 
whatever. Thus if six readings of the barometer Im* 74*i.3, 
743.2, 743.3, 743.1, 743.2, 743.3, the mean is 743.233 mm., 
of which but four figures are significant and the tenths 
are uncertain since thev cannot Ih» read everv time alike. 
If this reading Ih» competed for temj)erature the result 
should likewis(» Ih» given to tentJis of a mUlimeter hut myfaither 
since nothing is known beyond that. In general the result 
should l><» carried to so many figures that th(» last, owing 
to (»rrors makes no pretension to accuracy, while the next 
to the last nuiy be regarded as r(»asonal)ly accurate. 

(r) AijproJrhnationM, In many castas wh(»re it is neces- 
sary to compute results from valu<»s, some of which an* 
verv small in comi)arison to others, the labor mav be 
greatly n'<lu(MMl i)y approximation formulae. Some of the 
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more useful are given below, where a, b, c and d are to be 
regarded as very small in eomparisou to unity, 

(1 ± d) ™ - 1 ± m d 

I 1 i d -- 1 ± i d 

• ,-rr d' - • >- * <' 

(1 ± aMl ^ *>) (1 "i <^) - - - -~ • ^ a i b ± r - - - 

{d) Suj)])iententarry Tables. At tbq end of the book will 
be found a series of tables of matbematicai and physical 
constants. The student will find it of advantage to consult 
these freely in the course of his work. While the values of 
the physical constants cont^iined in these tables have been 
selected from reliable sources, the student is warned 
against the error of assuming that a value obtained in 
the laboratory is necessarily wrong, because ii differs 
slightly from that given in the table. 
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FUNDAMENTAL MEASUJffiMENTSl 

Siiicp TiKist fjliysical (fuantities may ix' (»xi)n»ssr(i{ 
oitlirr (lirectlv or indiivctlv in tenus of tlie fundanuMital 
units of niasSy IcMigtli and tim(\ the first prol)]oni of physi- 
cal nirasurcnuMit doa)s witli tlie means of t^valiiatinjLC 
certain ((uantit!«^s din*ct}y in terms of tliese units. Tin*' 
instrun^mts and proc<»sses mentioned in this chapter i)ein<:; 
essentially thosi» employed in tli<' expeiiments whicli 
follow, a few words mav iw» <levote«l to these rundamental 
measurements. 

Length* 

Instruments for rcHn<Ml measiu'tMncnts of len^^tli usual- 
ly involve the principle of tli(» micrometer scn^w or of tin* 
v<'rni<M', or a comhinaii<Mi of tin* two. Prominent amonj^ 
such instrunnMits nniv he mentioned the micnmn'ter *]jau<re. 
the spheromt^ter. the vernier calijx'r, the cathetometer, th»* 
micronn't<M* c«thctonn*ter. the comparator, and the dividing 
en^iin*. Of these the micrometer «::au<^e an<l tlu» sphem- 
meter employ the principh' of the micrometer screw, th»» 
vernier c.'Hiper and the onlinary caihetonn'ter employ tin* 
piinciph' of the vernier, while the inicronn'ter cathet<>m« - 

v: 
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Xvv. xhv i-Miiiparator juid xhv <liviclin<]j rntrim* rinph»v a loin- 
hiiiarioii of tin* two. It is not tlu' iiuention to doscrihr t!ie 
workinj' of vixch of thrse instruments in <li»tail. but so to 
;rive tlu* fundamental principles upon whirli eacli instru- 
ment is based, as to enable tlie stu<lent to make tlie appii- 
rati«>n for himself. 

The Mkrometkr SrREw. 

In the micrometer screw we have a screw of Hne 
thread working in a nut and furnishe<l with a graduated 
liea<l divided into some convenient number of aTnpiot 
parts. A complete rotation of the head advances or with- 
<lraws the screw by an amount e<|ual to the distance 
lK»tween its adjacent threads, that is bv M»me fraction of a 
centimeter, or of an inch. This small length is further 
sulxlivided bv mean< of the divisions on the ^n^duated 
head, so that the '^lenst mnut" oi the instrument, that as, 
the least length directly n.ieasurable by it, i^ the distance 
between the threads, .divi<l(Hl bv the number of divisions 
on the head. Still finer readin*rs mav be made bv-e<t*i- 
mating tenths of these <livisions. 

Exercise K The Micrometer Gauge. In the micrometer 
gauge the en<l of the screw works against a Hxc^d jaw. The 

number of comj^lete tu^l^ of 

the sci'ew is read from l!ie 

stem of the instrument ;i'.<l 

the fraction of a turn from 

I lie ijraduate<l head. In um' 

tin* least count of the iii^irt}- 

pig. 1. ineiu i> first iletermintMl ;i!.d 

recorde<l. The en<l of the screw i^ next brought intu roii- 

tact with the fixed jaw l)v slight pre>^ure and tlie "C're 




u 
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i-i'iiiliim" lakfii. Tin- olijfii lu lif iiU'iiftiii'cii if then l>i'i>iij;lit 
lii'twocii llic jiiws ami the MTi'w turiu'd dinvn iiiilil fmitiu't 
is iimdeiis liefort' hihI tin- N'.iclintfi.sfit^iiiii tnkcii. The iliflVr- 
I'licrlictwecn thin n'odiiig aiul tin- "zt'ro r('a<Iiiit;'" givt'» tli*- 
lliifkiifiss (if tliv oltjrcl . eirpreKMCil h) tht iiuifM murkvd uptw thr 
utevi. Ill di'ttTininitig the /.pro ami final n-ailings tin- 
mi-nii of five reading!' is i<i he inkt-n in i-acli case. In 
inort' nt'c-uratc iintirunieiits iindiii- pi-cusurc ujnm thi- jaw(t 
is avoided bv nieaiiK of a ralelivr head wllioli slipj* as «iiiin 
as fonlaet i» rnailc In lining wiicli iiistniiiientn alwBjs 
turn mIuwIv liy means i.f iliis ]utid amt "'c/j «'« "ooh «« the 
roUhet slipH. 



Ks-erclae l.—T/ie Mhi 
UbJ^l measured 
Mivfomuti-rfiauKu No. . 
Zero re Ad lags- 



Mean Me 

Exercise 2. The Spheromcter. 
rile sphe TO meter the screw works in 
a nut supported by a frame having; 
three legs of equal length, so placed 
that when the four points rest upon 
a plane the three feet form an eijui- 
Uteral triangle about the point of 
the screw at ihe center. The instni- 
ineilt in usuallv placed on a wquare 
of good plate gltutn. Notice of con- 
tact between the point of the screw 
■\ni\ (lio plane in given liy tlie instru- 
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mentV * 'hobbling'' or rocking on the phme. The screw 
is then carefully turned back until this 'Miobhling" just 
ceases. The zero reading is then taken. The object 
to l>e measured is then placed beneath the middle point 
and the screw turned down until contact is made, and the 
reading taken as before. The diflFerence between the zero 
and final readings gives the thickness of the object. In 
the Genera Society instrument the screw point is connected 
by a system of light levers, to a delicate pointer which 
rises when contact is made. Readings are taken when the 
pointer rises to a fixed mark. In use avoid touching the 
graduated head with the fingers. Turn by means of the 
milled head provided for that purpose. 

An extremely delicate means of determining the posi- 
tion of contact in the use of the spheromet^r, is by means 
of the interference fringes of sodium light. The sphero- 
meter is placed upon a piece of good plate glass and a 
small piece of glass with a good plane surface is placed under 
the central leg. When the surface of the ghass is lighted 
by a sodium flame, the interference fringi»s appear at once. 
The slightest increase in pressure causes the lines to shift 
their position, thus indicating the position of contact. 

FORM OF RKCORD. 

Exercise. 2, The Spherometer. To meoHnre the thirknriis 
of a piece of glass, 
Spheromoter No Date 

Pitch of ucrew Least count 

Object measured 

Zero readings' Final readings 



Mean 



Thickness of 



Mean 



< 
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The Vernier. 

The vernier is a device for subdividing tlie least divi- 
sion of a scale. It con- 
sists of a short subsidi- 
ary scale placed in front 
FUr. 3. of, and in contact with 

the scaU» of tlie instrument, and is usuallv so divid(»d tliat 

n divisions of tin* vernier cor- 
respond to n - 1 divisions of tlie 

scale. The ^^l^ettst rounf* ?> 1/n of 

a scale diriJihn, Thus, if L be the 

least division of the scale and V 

tfu» least division of the vernier, then 




FlK. 4. 



nV = (n-1) L 

y 



n 



or 



L- V 



1 
n 



L 



In sonu* cases n divisions on the vernier an* niadt* 
equal to one less tlum some multiph* of n divisions of the 
scale ; the formula then becomes 

nV — (an - 1) L 
wh(»nce 

1 



aL - V 



n 



L as befon*. 



To read the vernier, first read the units of the scale 
fi/tfo the zero of the vernier: to this reading add so many nthn 
of a scale division as an* indicated bv the vernier division 
which coincides with a scale division. Thus in Fig. 3, 



the n^ading is *1.1 scale* divisions. 
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Exercise 3* The Vernier* 

FOKM OF RlOCOHl), 

Exercise 4. To detennine the feiifit ronhf of the rrntf'ers on 
jirr ffifierehf instruMei^fs ossigHef^ by the instructor. 



Oat. 



Name of Instrument 



Vahwof \j I 



n 



n 



I. 



A-:^ 



-^1 



"^.Jj 









hn 



1 

Exercise 4* The Vernier Caliper. Tlu^ V(»rni(M' i*nlii)er 
< Fi<^. o), is Hii instninuMit in whicli the* i)rincipl(' of tlu» \vr- 
ni(»r isappliod to the* iiKNisiircinPiu of I«Mi<i;th. It consists of 
a ]»air of step! jaws, one of which is attacluMl to the scale, 
the other to the vernh^r wliicli slides upon thc^ scnle. In sonn^ 

instruments t\\o inoval)le 
jaw is provided witli a 
chiinj) and slow motion 
screw for fin(^ adjustmcMit. 
Most instruments nreada])t- 
ed to inside m^'iisureinenis 
also, in m(\*u)s of n ]);ur of 
rounded lugs attached to tln^ ends of tin* j<nvs. When a sep- 
arat(» scale is not provided for inside nn^a^urements. the 
thickness of these lugs must l)e added to the indicat<Ml 
reading. 

In use the value of a scale <livision L, ;ind tin* h^a^t 

fount, are first determined and recorded. The jaws are next 
brought together and tin* zero r(»ading tnken. The object 
to be measured is ihen placed lM'twe<Mi th(» jaws nn<l the 
lui'an of several readings taken. The diflercMice between 
the zero and final readings gives tin* h'ngth of tin* object. 






FiK. 5. 
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FORM OF RECORD. 

Exei'inne Jf. The Vernier CaUjyer. To measure the diumetet 
(unl length of a bram cylinder, 

Date 

Least count 

Diameter readings Length readings 



Object measured 

Vernier Caliper No. 
Zero readings 



Mean 



Mean 



Mean 



Diameter 



Length 



Link Mkasirkments. 



In the f*xm-is(»s on inoasurenHMils of length it will Ik* 
noted that in each cast* the measurement has been effected 
hy end metiffuremenfM, that is, by bringing the measuring 
instrunuMit against the cmuIs of the object measured. Fre- 
(jUiMitly this is neither practicable nor desirable. In such 
cases line niedHnrementf^ are employed ; that is, tlie distance* 
bet\yeen t\yo lines, <lra\yn upon a body is 
determined, i)y focussing a microscope or 
t(0(*sco))e u])on the lines in succession, 
and noting the readings of the yernier 
attaclied to the instrument. Line meas- 
urements an* made by means of i\w cath- 
etonu^ter, comparator and the diyiding 
entrine, and an* used in all cases \yhere 
irreat accuracy is dt*sin*d. 

Tmk ^'athktomktkk. 




Th(* carhet<»meter is an instrunuMit 
for nuasuring the ditterence in lieight ^^^^' ^ 

between t\yo points. It consists of a yertical standard, 
(Fig. (U, u[)on which slides a ring carrying a telescope 
and furnislied with a yernier and a clamj) for holding tlie 
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telesc<>iK» at any height desired. The instrument is pro- 
vided witli a lev(0 for bringing the axis of t\w telesc()i)e 
into a horizontal liiw^, by means of adjusting scivws. In 
most instruments the level may l)e rotated through a right 
angle about the standard as an axis, in order to secure the 
vertical fKisition of the latter. The telescojx^ is focussed first 
u])on on(» point and t\w reading taken, and then IowchmI 
by means of the clamp to the level of the second pointy 
and set upon it, and the corresponding reading determ- 
ined. For ease and accuracy of making the settings, the ring 
carrN'ing the telescope is usually furnished with a slow mo- 
tion screw. The difference In^tw^t^eii the two setting's i'ives 
the vertical distinct* Ix^tween \\\v two points. 

In the micrometer cathetonn^ter the telescope is re- 
j)laced by a microscope* of low power, and the vernier is 
conil)ined with a microm(»t(»r scivw. Bv this in(»ans the (lis- 
tance between two verv near points mav be detcM-mined 
with great accuracy. This instrument is employed in the ex- 
periment for determining Young's mtxlulus by stretching. 

Mass. 

Strictl}' speaking all determinations of mass are indi- 
rect. The haldure is an instrument for th<» comparison of 
masses. In its simplest form it consists of a light beam 
turning rea<lily about its iniddle point and carrying at its 
ends two .scale-])ans of ecjual weight. WIkmi disturbed the 
system oscillates about its position of* ecjuilibrium to which 
it finall}" returns. When masses ni-e placiMl in the jkuis, 
it is evid(»nt that the original position of e<juilibrium will 
be resumed, onlv when the mom«MUs of the forces du<' t<i 
the iiction of gravity u/)on these masses are etjual. If 
now, we assume^ the arms of the balance to hv <MjuaK 



111)1.11 KJJlttP 

nri! ivliivctl 



llii' iiiilsscs cijiiiil t>» ciicli iirlu'i' wIhmi llu-ti- 
c l)i'r'ii shmvii M l)i' f»ninl : i. t'..wlu>ii lln* 
Ill's Us iirit;iii>il |)<iKitti>n of I'tniililiriuin, 
■en iif in-wfisiim (Fig. Tl, tlip bt-aiii and sr;Uf» 
4 tr'nn ncciiriitr'iy ^irourid kiiifi'-t'ilgi-!* rcMiiin 
plntc-. Wlu-n iii>t ill iKr. till' kitiff-i'dgfs 
fn>iii til.' vvi.^'lit ..f ilii- ]mn-^ .nul l..-inii liy 



1..11J. slrml.T |... 



(•calf 



Crm' sli.ml.l l»f lak<- 
i'dgi-s, only Khi-n tUv 
A svsn-iii of liglit 



tli<< pim.-*. til iii.-iiiUfiiii x\u' Uiil;ini 
dillV'iviUTs uf wi'iglil ill till- l»i 



•III iif II )rrndiiHmI 
clh' svsii'iii fn.iii lliu 
lit tlu' tiiidilli' uf lilt' 
sunllv plnri'd ttlid<-r 
i<iitil>riiiiii fur miinll 



. (li- 



nt iiiiiliiik 



i.f the !>.' 



>lii 



iigli wcifjbiny. TliM . 
Ikiiiii is yriii riilly divided rrum l1u' luiiidlf outwiii-d. iui« 
liii<: witli ilif kitifo- 
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t'iljio i)vt»r the i»an. By sliding u|K)ii tliis ht^'iin a small 
win* ricU*r wt»iglnn<:j ii niilligrams, w<Mg]iin*^s may bi^ ma<le 
Uimtly to milligrams. Fi>r subdivision of the milligram 
the niethtKl of oscillatit)ns is us(»d. 

Dktermination of the Restix<; Point. 
Owing ro the loss (»f time incident upon waiting for 
till* balance to conu' to rest, it is usual to determine the 
tinal position of the pointer from a series of its successive 
turning points. Since the vibrations of tht» system are 
more or lej*s damp(»d, it is necessary to take the initial and 
tinal readings of the p(»inter on the same side. If we call 
the central division of tin* scale zero, an<l rea<lings to the 
right and left n\spectively plus and minus, then the rest- 
ing point is found by averaging the means found for each 
side separately. For example, if tlie readings are 

Left Right 

- 9.2 10.4 

— HA) 10.0 



U 



I 



Mean — U.()5 Mean ^ lO.O:; 

i> .• • ^-♦•<*'> : l<)-03 ,, ,., 

Kesting point o '~ ~ ^ ()A\) 

This means that th<' ])oiiuei- woulil tinally come to rest 
at a point. about 0..') of a division to the right of the zero. 
The resting point should \>o d(»t<'rmined both before and 
after making a weighing, and should nMuain constant if 
the balance bv properly adjustiMl.. 

In some balances the scale divisions are numbered 
continiKmsl}' from left to right. In the use of such 
instrumcMits the readings are taken directly and tlu^ posi- 
tive and negative signs are avoidcnl. 
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Sensibility. 

If the rider be now placed upon the first division of 
tlie beam and the resting point determined as before, then 
the difference between tliese two resting points is the num- 
ber of scale divisions througli wliich tlie beam has turned 
for a difference in weiglit of one milligram. This is by 
definition the sensibilitv of the balance, and is usually 
termed the sensibility for zero kxid in the pans. Since the 
sensibility varies with the load, it is alwaj's necessary to 
determine it for the specific load upon the pans. 

To Make a WEKmiNcj. 

First determine the resting point for zero load. 
Next place the object to be weighed upon the left hand 
scale i^an and an estimated equivalent weight upon the 
riglit hand pan. Release the arrest very slightly and note 
tlie indication of the pointer. If the weight be too small 
it should be sufficiently increased to turn the pointer to 
tlie opposite side on the next trial. In this way the true 
weight may b(» rapidly approximated to the nearest gram, 
then to the n(»arest C(MUigrani. After this the balance case 
should be closed, the rid(M' a[)plied and the pan arrests 
turned (h)wii. Having found tlie w(Ught to the nearest 
milligram, th(^ balance is set swinging and the resting 
point is det(»rmined. Tlie rider is then shifted one* whole 
division on tlie beam, so as to l)ring the resting point on 
the other side of tlu* zero position, and tln^ resting point 
again detcM'mined. If now we call the three* nesting points 
p . p, and P, wh<M*e P corresponds to llu» weight (jrcater 
tlian {\\c true weight , then dW, th(» fraction of a milligram 

to !)(» adih'd to smaller weight is the ^ *^ . Thus suppose 

*r> p P ' ' 
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p = -0.49, p =-- -fO.77, P - -0.15, thonP ^P^ = ^ 

-- 0.3 milligram. 

Care sliould bo taken to avoid error in counting up 
the weights upon the scale pan. An excellent method is 
lo write down the weiglits from the vacant spaces in the 
box and check each weight as it is returned to the box. 

Rkduction to Weight in Vacutm. 

Tlie weight of a body in vacuum is 

where w is the observed weight of the body, d its 
density, and a and D the densities of the air and the 
weights respectively. In weighing a quantity of water 
with brass weiglits^ this correction amounts to more tlian 
1 milligram, for every gram. 



5. Double Wcighing.t In ord(M* to eliminate any 
inequality between tlie two arms of tlie balance the ol)ject 
maybe weighed first in the left hand pan and then in the 
right. The true weight, W , is given by the equation 



W - I Wi Wi. 

This precaution is necessary only in very accurate 
work. Would double weighing be of any advantage in 
operations involving relative weights? 



* For derivation -of this formula see C'arhart's (^Diversity Physies. 
Part I, pag:e 132. 

tFor more detailed treatment of the bahinoe and its use see Stewart 
& Gee, Vol. I, pp. t)3 94: also Carhart. I. pp. 75 78. 



{ 
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FORM OF RKCORl). 

Erercise /7. WeUjh (i piev^ of brasH, <fPi^f{/f^({f fffc ntethixl of 
double weighing. 

Balance No Date 

Object to 1x3 weijjhed 

Zero load. ' Load left. Load right. 

L. 11. L. R. L. R. 



l>o P P 

♦ * * ♦ 

Rider removed one point to the right in e.ich case. 

Wi -I 1 njg. W2 -I 1 mtjf. 

Ix)ad left. Load right. 

W - 1 nig. Wj - 1 mg. 

L. R. L. R. 



Let (IWi and (IW'i be tho fraction of a uig. to be added 
to Wi and Wi respectively. 

It is to l)e obs(M*ved that in tlie case of d\V-2, tlie fraction 

, L; is H('(f(ifin\ since P' : p'. 
p P ^ 

Finally \\\ 1 Wi W. 

Most ineasiirenHMits of tiin(» in the physical laboratory 
consist in the determination of the period of some vibrat- 
ing body, as a p<Mi(liiltim, magnetic necuUe, galvanometer 
n(^(Mlle, etc. The most common proi)hMn is that of rating 
a pendulum, an<l what follows is a[)pli(Ml directly to this 
end, although the method is etjually applicable to the case 
of anv freelv vibrating i)ody. 
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The process usually adopted is a modification i>f 
Borda's method of coincidences. The essence of tlu* 
method consists in determining the time necessary for th(* 
pendulum to complete some Large number of vibrations ; 
from this, if the number of vibrations be known, the 
period of a single vibration is at once deducinl. Perhaps 
the simplest way is to note the time occupied in counting 
lOOorlOOO vibrations. This method however, is both tedi- 
ous and inaccurate, since owing to its monotony' the ob- 
server is liable to make an error of one or even of ten 
vibrations in counting a large number. To this source of 
error is added the uncertainty of beginning and ending 
the count exactly upon tlie second. 

In order to avoid the first source of error the pendulum 
is made to keep count of its own vibrations when com- 
pared with a clock beating seconds. The secoiKl error is 
minimized by attaching a pointer to the pendulum and 
observing its passage over a scale, or in work of greater 
accuracy, by viewing the pendulum through a telescope 
and noting its passag(^ over the cross-wires in the focal 
plane of the eye-piece. It is best to observe the pas- 
sage when the pendulum is in the middle of its swing, and 
moving with its maximum velocity. The clock is con- 
nected electricallv with a sounder and the. beats are thus 
m^vde audible throughout the room. 

The pendulum to be rat(»d having been set swing- 
ing through .a snuill arc, the observer at the t(*lescope 
notes the transits of the j)endulum iinagi^ from left to right 
over the cross-wires and awaits the cuincidenc** of such 
a transit with the click of the clock. H(» then notes 
carefull}' the numlxM* of seconds elapsing before* the next 
passage of tlu* pendulum over the cross-wires /// the smnv 
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directum jiml osfiniateWy as well as possible ^ tTie fraction of 
a second in tentlis, tliu? gaining a roiigTily approxiniatt» 
|>M*iocI. Siippoi* tlie period is found to l>e somewhere be- 
tween 2.H and 2.5 seconds. 

A coincideiice \^ again ol>s9rv>d jiikI the seconds 
counted continuously until a number of fairly goo<l coin- 
cidences have been obsei'ved. From this ol>servalion a 
closer approximation to the period can be obtained. Thus 
if the i>eriod is near 2.5 seconds, goml coincidences will 
occur in 5, 10^ and 15 seconds, i. e. aft^r 2, 4 and 6 com- 
plete vibrations of the pendulum. If on the other hand 
the period Iw^ nearly 2,3 seconds^ then fairly good coinci- 
dences will Ik* noted at 7 and 16 seconds, and a good one 
at 23 seconds, the intcM'vals convsponding to 3, 7, and 10 
vil>rations. Tlie imi)erfect coincidences at 7 and 1() sec- 
onds are due of course to the fact that the inten^al of 7 
si^conds is 0,1 s<»cond great^»r than the time needetl for 3 
swings, and that of 16 seconds is less b}^ 0.1 second than 
that neech^d for 7 swings of the pendulum. In this way 
it is possi()Ie to (h»termin(» the provisional period accurate- 
Iv to tenths of a second. 

S(»v<M'al trials should l>e mach> and 50 or even 75 
seconds counted, if necessarv to determine this with 
accuracy. Suppose it has been found to be 2.3 sec- 
onds. The observer again awaits a good coinci- 
dence, noting the seconds l)y calling each on(^ uj) to and 
iHHndhi(/ fh? serond of rohiridenrp, *'zero." Then he walks 
to tin* clock, counting the seconds as In* go(»s, and on the 
tenth second reads the time, noting the seconds first, then 
the minutes and then the hour. This reconhul coinci- 
dence is obvious] V ten seconds later than the obs(»rved one, 
but by counting ten Heroudn each tinn* l)efore reading the 
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clock, tlie interval botweeu the coincidences is prestM'ved 
and no error is introdnced. 

A second coincidence is ol>served as soon as possible 
and recorded in the same way. Now the difference be- 
tween the first and s(H*ond reading of the clock giv(>s the 
number of seconds corresponding to some mtegral number 
of swings of the pendulum, and a glance at the approxi* 
mate period is usually sufficient to show what this num- 
ber is. In case of doubt divide the time by the provision- 
al period and take the nearest integer as the nimiber of 
vibnUions. (Why?) The number of seconds divuled 
by the number of vibrations, gives the period to a closer 
degree of approximation than before. A third coincidence 
is observed and recorded as before. The* interval between 
thiJf coirwidejw^ a^id the Jin^f corresponds to a still larger Tium- 
ber of integral swings of the pendulum. This larger 
number is found by dividing tin* seconds by the jtei-iorl la^l 
dedtwed, and the new value of die perioil is computed as 
before. Thus by successive observations we. find intcM-vals 
corresponding to a larger and larger number of vibrations, 
umnn in each case the period Uint fouud. 

In this way the period of a pendulum may be readily 
and rapidly determined to thousandths of a second. After 
a little practice the student is able to judge a coincidenct* 
accurately to 0.1 of a second. In such a case after 20 
minutes of observation our pendulum would have made 
something over 500 vibrations, and the time neede<l for 
this number of vibrations would be determined to vO.2 of 
a second, or the period would be accurate to thousandths 
of a second. The following examph^ will maki* the method 
and computation ch^nr : 
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SiMPLK PeNDI'LIM. 

February 8th, 1899. 
Longth, 130 cms. 
(fOod coincidences 7, 14, 1^, 23. 

Approximate period 2.3 seconds. 

Ti-ansits. Seconds. Vibrations- T. 

3 li. 19 min. 52 sec. 



20 


15 


23 


10 


2.3 


20 


m 


46 


20 


2.300 


21 


26 


94 


41 


2.^93 


(21 • 


50) 


118 


52 


2.269 -ft 


22 


30 


158 


69 


2.299» 


23 


57 


245 


107 


2.289' 


24 


29 


277 


121 


2.289* 


30 


19 


627 


274 


2. 288» 


30 


51 


659 


288 


2.288' 


33 


22 


HIO 


354 


2.288' 



It is to !>e observed that the period T gradually ap- 

|)roaches a limiting value wliicli l)ecomes constant to 

thousandths of a second as soon as the number of observed 

vibrations, n, reaches a definite value. If the maximum 

<-rror, e, made in taking any coincidence be ilO.1 of a 

second, then the nuiximum (»rror possible in any numb(»r 

of observed seconds is 0.2 of a second. Hence to have the 

period T constant to thousandths of a second, we must 

2 
make ' less than ().(K)0r>, or n must be trreater than 400. 
n ^ 

Obviousl}' n must b(» larger, tlie hirg(»r e b(»com(»s. How 
large must n be taken if e - r 0.2 seconds? 

In case any observation gives a result sharply at vari- 
ance with the oth(»rs, tlie difticuhv lies (Mther in tlu^ aritli- 
m(»tical work, or in a false reading of th(^ clock. Th(» 
latter error nmdcM's tlu* obscM'vation us(»l(»ss ; it should l)e 
bracketed as indicated above, and tlu* n(\Kt taken with 
greater care. The advantage of th(» metliod is that no 



FUNDAMENTAL MEASUREMENTS 29 

• 

Miigle error in reading tlie clock can permanently vitiate 

the result. 

Instead of determining the number of vibrations ]>y 

dividing the seconds by the last value of T deduced, it is 

much simpler to use the preceding intervals and vibrations 

«is measures of the new. Thus the second interval 46, is 

manifestly double the first ; hence the number of vibrations 

must be twice as many, or 20. In the third, the interval, 

W seconds, is twice the second +2 seconds ; the excess, 2 

seconds, corresponds to an additional viV^ration ; hen<*e 

n = 2 X 20 + 1 = 41. In the seventh determination tlie 

interval 277 seconds, may be evaluated for n in a numb^T 

of ways ; thus from the third we may have 

sees. vibs. 
282 - 123 
277 



I •■ 





from the third 


-5 - 


2 


or 


277 -- 
jiikI fifth thu!> 

94 -- 

158 ^-- 


121 

1 • 

» . 

41 
69 




252 ■=■■ 
211 


ilo 




^25 -- 


r 11 




277 -= 


121 



ExetdMc 6. The Pendulum* 

FORM OF RKCORD. 

Exertrise 0, Detenu hie the perhnl of a torsionaf iteitflular/iy 
to 0.001 of a second. 

Record as indicated above. 



8M 
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Fur tile niPasurennMit nf small iniiTVJils uf lime llu* 
tuning fork furnishes an nccuraU- nnd ciinvt'iii*inr tnctliwL 
For tile prncticnl !i[)iilieatii>ti of iliis method we flulisequeni 
artich's. 

Exerebe 7. The Barometer. The hiiromfier. (Fig. S). 
consiBts of a closed lube of gliiss of uniform hon- 
about HO cms. long, filled with mercury and 
inverted in a dish containing mercurv. The 
fri-e surface of llu- mercury in the vessel 
is in cnnimunicatioii with the outer air. I n 
the cistern lmromet<'r, the reservoir (Fig, 0), 
has a hotinm of leather which is adjustn- 
hlf liy means of a thumh screw. A sninll 
i)ry point extending downward from 
from tlie upper surface of the rewcrvoir, 
forms the zero-poini from wliich the 
measuremeuts indicated on tin.' schIc are 
reckoned. Before reading ihe Imrometer 
the mercury in the cisU-ru must lie so 
Diljusted liy means of the screw that the 
surface jyst toucltes ibe ivory point. 
The upper part of Mie ruhe im then gently lappnl 
iM free the mercury Hurfaee from the sides of the 
(ulje, and ihe vernier adju.st«d liy means of [he ^'' • 
thumhscrew at the side, until, on looking through 
ihe stit in the Imrouu'ler caae, (he upper part of the mi*uit>- 
cus is seen to be just tangent to ihe line joining the fttiarU^ 
edgcK at the front and btwk of the vernier. 

In the instrument nia^le by Haak, of Jena, we huTft- 
ati uutomntic adjustment of the mercury in tht* cistern. 
The iiero point is the tip of a vertical tube ct)niiecling with 1 
« lower, au.\ililiry reservoir. Air ts forced into the lu|| 
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reservoir by means of a bulb, thus driving mercury into 
the reservoir proper and covering the zero point. On re- 
leasing the bulb the mercury flo^vs out until the tip of the 
zero point tube is again exposed ; the barometer is then in 
adiustment for rejuling. The scale is etclied din^ctly upon 
the tube of tlie barometer, and fractions of a millimeter 
may be read with ease by means of the adjustable ring, at 
the top, which carries a fine line for subdividing the milli- 
meter divisions. 

Readings on the barometer must be corrected for 
temperature effects, and are reduced to 0" ('., by the use of 
the following formula : 

H, -Ht [1-1 a-b )t], ♦ (1) 
where Hq is the barometric height at 0"" C. ; H, is the 
barometric height at t' C. ; a is the cubical co(»fficient of 
expansion for mercury, (a — 0.000181), 1> is the linear 
coefficient of expansion for th(» material of the scale ; ( b 
for glass -- 0.0000085, for brass, b -- 0.000010). 

FORM OF KE(M)KI). 

Exei'ciHe 7, AflJUHt and read earfi Iniromtter three times: 
tvprrecf for temperature and rx}mpare readings. 

Barometer No. 1. Barometer No. 2. Date 

LeaMt count Least count 

ReadingH. Readings. 



Mean Mean 

Reduced to 0" G . Reduced to 0^ (' 

Kxpresri the barometric pressure in dynes [ter 8(iuare centimeter. 



* For reducing the barometric readinjj to standard conditions, viz: 
0"^ i\ Hea level, in latitude 45^ we have the complete formula 

„ ..H. ^--J ^>> 

g4:. 1 -: at 
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DENSITY. 
Exercise 8* Density from Mass and Volume* 

FORM OF RECORD. 

Ej^rcise 8. To delermiiie the density of a, bmnn cylinder fi'iHH 
its volume and muHH, 

Density of brass cylinder No Date 

Length. Diameter. 



Mabs 



Moan Mean 

Volume Density 



Exercise 9. The Pyknometer* The pyknoin(»ter in its 
simplest form consists of a glass vessel (Fig. 10), provided 
with an accurately ground stopper, perforated 
tiiroiighout its hMigth. Before use it is to be 
thorougldy cleaned and dried with alcoliol or 
ether. It is then carefully weighed. Call this 
weight W,. Th(» pyknometer is tlien fill(»d 
w ith distilled water, placed in a hath of wat(»r 
jtt ^U)'C. and allowed to remain there live 
minutes. ^Why?) It is then wiped dry, fu. lo. 

and its weight, Wi, determined. After cleaning and dry- 
1 ig as before, the pyknom(»ter is tilled with the liquid 

-32- 
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undiT oxntninntinii. bmuyiii to tlip tcmppriinipp uf : 
wi|H^d dry and wcigluil. Cull tlii« weight W«, Bfriw 
»ncl n|>|ily fornmin for tin- dfnsily of a liquid. <'orrect fc| 
i**inperalurf, liy nuiltiplyiiig a. the value found, liy D, tu 
•i.-n^ity of rlu'slniulapd.* (at SO'C. D = 0.9it57). Unlei 
ihf vaitirs arp to l)t> carried to more thiiu tliree deci 
plilct«. tiM- buoyant forre of the air may Iw neglectw 
Iiutead of making all the weighings at W, any other ten 
iwrnture may lif taken provided it bi- higher than ll^ 
l^mperature of ilie room where weighings are madq 
(Why?) 



KORM OV BK' 



Pyknometer No, 



W - . 

w, 



Density of.. 



f rhr d^iiKili/ o/ (ICO litfiiidi. 
Date . . . 



W, . ^ D = 

Onrrected density, d, of , , . , . . = 

Exerdie 10. Mohr't BaUnce. In Mohr's balance, 
(Fig. U), thf Ileum iw divided into teu equal parte of 
which the last coincidt'sf with the end. 
Upon this end is hung by means of 
u tine platinum wire a small sinker 
containing a thermometer. The 
weights consist of four pairs of riders 
weighing respective Ij-m, 0.1 m, 0,01 ni. 
0,001 in grams. The instruraent is 
usually so adjusted that the sinker is 
exactly counterpoised in air. When 
lereed in water at 4"C. the buoyant force on the sinker 



le Cartwrt's Uni 



liversltv l'h>aii!8, Vol. I. p. 111. 
liPB, PriKaioal Phjsicw, Vol. i, p. Ilw. 
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is equal to tlie weight of the hir{]^est rider. When tlio 

sinker is put into any other licjuids tlie weiglits iieeded to 

e(jual the buoyant force upon tlie sinker in each case are 

in direct proportion to tlie deiisities of thes<^ liquids. If m 

l)(» called unity then the density of the liquid can he read 

directly from the beam. "Fhe balance must show for 

water at t (■. the* density coi*r(»sponding to this tcMnpeiliture 

as given in table II. If, instead of this density d, it show 

d 
(If, then all results must be multi])lied by -^ . It is obvious 

t ^ • di 

that th(» instrumcMit may lx» used as an ordinary balance* as 

well, and the densiti(»s of solids and li(jui(ls referred to 

water at any temperature may Ik^ determined by means of 

it with (Hpial (^as(^ 

FORM OK RKCORI). 

Krercisf' 10. Kedetenn'm^ tft>e rlensifieH of the snhsf(ni(X''< ^^se(/ 
/// ej-ercfses 8 and U, 

1. For solids: Date 

Density of 

Weight in air 

Weiy^ht in water Temperature of water » 

s. 

Corrected density 

2. For liquids Date 

Density of Density \.-. 

TeinjHM'ature * 

Buovancv of sinker in water 

Buoyancy of sinker in Uquid 



CHAPTER III. 



ELASTiaXY. 

Elasticity is that propcM-tv by virtaic of wliicli inath^r 
rosij>ts the action pf a force tending to cha'n<^e its shape or 
luilk, and which causes it to resume. its original shai)e or 
l>ulk after the force is n^nioved.. Lf a body j)oss(»ss elas- 
ticity of shape* it is called a solid ; if it j)ossess no elasticity 
of shape it is called a fluid. 

Fluid.s possess perfect (elasticity of bulk, i. e , th(\v re* 
turn exactly to their former bulk on removal of the com- 
pn^ssing force. Solids do not all recov(»i- their initial shape 
with equal promptness. In soin<' cases the i-eturn is much 
retarded, especially after repeat(Ml or long continued dis- 
t<»rtion. This is commonly tei-med elastic fnti<jui\ niid is 
<pnte noticeable in metals. For ev(M-y solid there is n 
limiting distiu'tion beyond which the body, when U'viH\ 
from the distorting force, no longei* com])](»tely regains its 
former shape. This is called its limit of elastic it y. 

IIookk's Law. 

Any change* in a solid either of si/(M.)r shape j)ro(luce(l 
l>y the action of a force is railed <' strain. The force pi-or 
dueiiig such a change is call(»(l a stress and is measured in 
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dynes jxr unit iin*a i>f the cross-sift ion uiwrn which tlic 
stress 19 exerted. When an elastic t>oiiy is distorteil witliin 
its limit of Rlastieitv, the opposing force called out by tin- 
distortion, tending lo restore the botly lo its original con- 
dition. 19 proportional to the distortion. Tlnsi is known 
as'^HooktVLiiw/'and aj* originally stated, """ciM'<>*(cr/fl.'" 
expresses the proportionality iK'tween the distortion and 
the restoring forcp. The applications of this law are very 
numerous including every form of elastic re«etion against 
Htraini* produced by e."cternal mechanical agencies. 
C'oKFi'ioiBN'PW OF Elasticity. 

In gcTieral twenty-one coettirients would Ix' needed to 
express completely the elastic nature of any solid. If 
however, the solid be isotropic, these twenty-one eoeffi- 
eients reduce to two : 'Ae twj^lejit of tmlume rkistudti/, e, and 
tkr n>eJIUyU!}ii of simple riffidUv, H . The genera! expression 
for these coefficients is the quotieni ai-ising from dividing 
the stivnH Ijy (he nlmln. 

COEKFICIENT OF Vol.rMK El.ASTKriTY. 

In the case of the ciH'fticiput of volume elasticity e, we 
have the stress or applied pressure p, divided by the com- 
pression prorlueed, wliere compression denotes the change 
in volume v. divided by the original volume V. or 

». = -E = £-v. '-■* 



III (lie case of n gas. the volume is at all times a func- 
lioii of tlie pressure to which It is subjected. Hence ti>r 
gases it should be noted, that the ctietticienl of elasticity is 
to \m deKned in terms of the i-hanye In infHnare and the cor- 
responding ''A""fle ('" volume. ' 
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Since these changes are conceived as being very small 
if we assume a volume of gas V, to be subjected to a change 
in pressure dp, producing a corresponding change in 
volume dV, then for a gas, 

^ ^dV 

It should be observed that the expression for the 

dV 
strain, ^^ , denotes a dilatation if positive and a compression 

if negative. The coefficient e, however, has reference sim- 
ply to the absolute value of the ratio V^^ , and is there- 
fore independent of the sign. The coefficient of elasticity 
of volume is the only one possessed by fluids, and is of 
special interest in all cases involving the propagation of 
disturbances through fluid media. 

Young's Modulus. 

In solids in the form of wires or rods, subjected to 
longitudinal stresses tending to produce either elongations 
or compressions, we are interested in the relative elonga- 
tion or compression 1, produced in length L, and cross- 
section a, by a force of F dynes, when the body is free to 
contract or expand laterally. In general, longitudinal 
expansion is accompanied by lateral contraction and longi- 
tudinal compression by lateral distention. The measure or 
modtUtis of the elastic behavior of a solid under such condi- 
tions is known as Young's modulus, and may be defined 
as the ratio between longitudinal stress per unit area 

P 1 

— , and longitudinal strain per unit length y 5 ^'^^^ i^ 

al 
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<ir moi'O Hpecilicallv, Yonug't modabix i" thut force whhh, ichi-u 
(tpplkil to (I ivh-evf unit ciiw-n-RefYi'iiH, would he Hiiffii-ieiit tu^tretcJi 
it to (iou'ik its lenr/th, provided (if cotirsp, tliat the elonfiiition 
remain proportional to the force at all times. 

C'oBFKirrENT OF SiMI'LK Kl<iII>TrY. 

Besides the elawtioity of volinne, solids have, as we 
have seen, elasticity of shape as well. If a soli<l he so dis- 
torted tlijit its shape alone is changed, it is said to have 
nriderffone « xlu-nr. Thus if we conceive all the particles 
ill one plane in a body to he tixed, and all the remaining 
I>articles to niove in planes jiarallel to this plane, and hv 
annHints proportional to their distances from this plane, 
niidi a ino/ion ciniHlitnte" ii n/iriir. The stress aiipHed to cause 
a shear is ealletl n Kheariiia xtrexK, and the coefficient of sim- 
ple rifjidily is the (|uot!ent obtained by dividing the shear- 
ing stress per unit area by the sliearing strain per unit 
h'ngtii. 

In order to learn how these ipiantities may he exjicri- 
nieninlly determined, let us con- 
sider a circular cylinder ( Fig. 12). 
of radiu!* r. lielil vertically by a 
rigid clami) at the upper end aiui 
Siibjecteil 111 a tiirsi<inal twist at 
the luwerend. The eH'ect of such ' 
a twist is to produce a shearing 
strain (hrnughnui Ihe cylinder. 
Inuigine the cylindi-r to be made 
up of a large uumher of tubes, 
one insi.ie ihe otiier. an.l cut at ^■|«. i^ 

riglit artgles to the axis into a larg.> rumiberof cii-c 
lions. Each circular secti.m would be c.unpnsed e 
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uuiubor of concentric* rings. Now the shearing strain in- 
creases regularly from above downward from section to 
section, and whcMi the low(»r end of the cvliniler lias been 
twiste<l through an angl(» ^, the slu^ar for the outer ring of 
the lower Hection tcUl be the arc r ^, otid the shear per unit length 

will b(» -Y ; or in general, the sliearlng strain per unit 

U»ngth at any point in a cylinihM* is the circular displace- 
ment at that point divided by the distance from that point 
ro th(» fixed end of the cvlimh^r. 

Again since the cylin<hM* under stress is in ecjuilibrium, 
the moment of the couple producing the sh(»ar nuist be 
balanced by the moment of tliQ couph* called out by the 
shear; or by Ilooke's law, it nulst be proportional to the 

shear itself, hence also proj)ortional U) ^ . Now by d(*fini- 

rion, tlie coefficient of siin[)le rigidity n, is the proportion-, 
ality factor between shearing stress and shearing strain; 

hence we have th(^ she(iri)u/ stress per unit nrea - f - . 

Let us now considcM* th(» entire lower circular section of 
the cylinder, and in that s(»ction, a ring of radius x and of 

width dx. The shear per unit l(Mi<xth will be \ , and th(» 

i\\ H 

sliearing stress p(»r unit area will be ' . The area of the 
elementarv rin^j is 2 r x dx, hence tin* total sheai'in*:; 

» r 11 H X- (Ix 

Stress for the ring is " ^- --- . This force* acting with 

a I(*ver arm of x, gives an (^lemciitai'v moment of shi^aring 
stress for the eh'UKMitary ring of width dx, njual to 

, t' 11 x'Wlx (T)) 

^*^ L" • 
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For the entire section, the moment of the shearing 
stress will be the sum of the elementary moments for all 
elementary rings, whose radii vary from 0, at the center, 
to r at the surface of the cylinder, and so the moment of 
the torsional couple called out by the shear, is found by 
integrating the expression in equation (5) , or 

'^2:rn^x»dx 27rn^r* 



/ 



4L 



or 



whence 



Trn^r* (6) 

2L 



_ 2JL^ (7) 



It must be observed that #is here expressed in radians. 
If # is measured in degrees, what correcting factor must 
be introduced? In the expression 

^ jr_n_^ 

^ 2L 

y is defined as the moment of the torsional couple produc- 
ing an angular twist #, in a cylinder of radius r, and 
length L. By making the angular tmst equal to unity we 
have 



^1 



r n r 



4 



(8) 



2L 

and finally, by reducing the length L and the angular 
twist Oy each to unity we have 

^ ^nr< (9) 

2 

The quantity t is called tJie modulun of torsion: it is the 
couple required to produce unit angular twist in a wire of unit 
length. 
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Summarv : — Wo have now detincd and derived e\ 
pres-sioJis for tJie following (|ij{vntdties : 



•(4)' 



• -e = 
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In the experiments which ToHow several of the ahove 
ijuantities will be ni«\'isured in one or more diffiMvnt ways. 

\U To Verify Boyle's Law« Tlie apj^aratus con- 
sists of a cylindrical res(»rv()ir, ( Fi<(v 18), 
formed of a ghiss tulx^ sonu^ 2.") cms. ]t)ng and 
3 cms. in diam(»t(M', into which is s(»aled a uni* 
form tiib(» B, somc^ 30 onjs. h)ng aiul 12 mm^ 
in diameter, ch>s(Hl at the to]) by a scjiiare-cut 
plug can^fiilly c(Mn<Mit(Hl in, and at its h)wer 
end extendinj' to the bottom of the larwr tube. 
At the h)W(M' end of the n^servoir is sealed on 
a second tube A, 3 mms. in diain(»tcr and about 
200 cm. long. This tube is bent back uj)on 
itself about 10 cms. beh)W the i*es(M*voir, so a^ 
to be vertical and parall<»l to the tube H. Ft 
is terminated at its u|)per (Mid [)y a small 
thisth* bulb, for convcMiience in fillinir the 
rei«ervoir with mercury. The instrument is mounted upor 



-i 



B 
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4-2 .Kl.AsnciTV 

ji «iiil!il»r(' "iippon tiirryiii}! .'i sciilo gradiiiited to millintP- 
In-s III ilii^ *\i\{} i>r llip IuIk' a, llirougliout its fntire length. 
Hint !ir t.fio ixniuRi i-xicnding IxTwccii ihc two lubee so thai 
readings U|)on tiro fioight i»r tin- iiiPi-eury in iht* tul>es A 
niitl B, may Iw niailc rniiit oppiisitf fdgi^s of tlm rtflnK-sfalp. 
A hmsU si<fp tiil>p i« sfuletl to ilie rPHPi-voir npar tlie toji by 
rncnns nf which air iniiy Iw rmred info tfiP n'sci-voir from 
a Hnmll foiTP [nimp. Befon" beginning tftp pxperinicnt 
llie iiisininicnt is so adjusted tbat the shorter nil>e B, is 
ahmir half fille<I with meirury when the air in the resftr- 
foir in at alinosplienc preHSiiri'. Air is next driven in 
Ihi'iiugli the sidf iul)e ('. by menus of tbe pump, until the 
mercury almost fills the IoiigtHl>f A. 'Hie air in B is now 
tnider a pivssiirc measured by the Ijarometer column plus 
the difference in height of the nieivuiT in the tnbt>s A anil 
B. and is corn'spondingly compressed. 

Val^*it»g pressures and curresponding vnluines are suc- 
cessively s/icui-pd by allowing small ({unntilJes of air to 
esoa|)e through the ntlK- 0. Keadingtn Are made upon the 
height of the inercurv in A and B, and iijion ihe lower en J 
of the plug in B, Keiulings rihouhl be continued until the 
mercury in the IuIk- A falls to the level of the mereury in 
the rest-rvoii-. The air fnutt Ik- allowed to come to the 
temperature of tlie room after each setting Ijefore the read- 
ing is taken. (Why?) 

According to Boyle's Iniv. the product of the pressure 
ami the volume of a giw* is a cimsiant./iw " nmxlui't Uw/ier- 
iitiiir. " iiv 



V 



tlOi 



* ^u (J^rhitrt'H ITniv^roity I'hyik's. Vi> 
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Br defiiiUioii the cot-fRcieiit »( voluim 



v4l> 



Also from 1 10) by diffpreiiciatioii wc ^jot 
pdV + Vdp = n, .»r 



an 

1 121 



Thus we see that for a perfert yas undergoing isother- 
mal changes, the coefficient of volume elasticity <s is ni alt 
times equal lo the pressure p. For the purpose of our 
experimeat let a and b denote the observed heights of the 
mercuiT in the tubes A and B. tiPt P re)»resent the atm<is- 
pheric pressure at the time of the experiment, p — » — b, 
the applied pressure, and let V 
represeiitu qufuitity pro|H)rii<in- 
al to the residtiiig volume of the 
air enclosed in the tube B. Then 
expiation (HI) becomes 

V {]' ^ p) r. (i:i( 

or 

f ^- p ^_ C/V. 1141 

If now we plot the ohserve^l 
values of p on the Y jtxis and 
the reciproonis of llie eorres- 
sponding volumes oti the X axis, 
(see Fig. 14l. our curve i:» repre- 
sented by the eipiKtion 

Fig. K. y =~- P'f — !*■ l'*>l 

the equation of a straight line cutting the Y axis at n |i<iiiir 
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V hrlow tlic origin. 'Hiis ix^iiit may hv amsidviiHl tlH* 
triK^ origiiir iu(»asun»tl fiDiir wliidi tire valuo>> of y denote 
tho siK*('(»ssivr valuers of <\ corn'sjunuliiig U> tli(» nOaMn! 
valifrs o( W 'V\to Uui^ri'iu of tlie an^li*^ iiicliideri l)ot\vrfMi 
rli(^ curve aird the X axis is (Hfiial to C, If all (juantitios 
J)t' (»xpn\ss<»(l ill the |)roj><»r uiiits^ thonr (' hcconws the cfaff^ 
roiisf(tuf. ( Tiider what rcHiditioiis do(»H e appnKich ziu'o?> 

Krerriifc fl. Ih Wriffj lioijleit' I a u\ 

K<»ading on plufr Baromelvr I>atp 

Tub<^ A Tui>e B. p a — l> V '• colour V 1/ V 



Plot valifes of |) and 1/V, Dctcrininc iho valiio of P 
from tli(» curv(» and conipan* tlio result with tli(^ harometcM* 

n^adiii*:; at the time of ilie (»xi)(M'inient. 

Exercise IZ Jolly's Balance* In the .lolly's 
halanee ( V\<r. lo), tlie (dastie txxly is a spiral 
spnii<^ mounted in front of a mirror seah^ 
and earrvin<i on its lower en<l a pan to n^- 
ceive t]i(» suhstaiiees under (^xiMM'iment. To 
tliis is attaelH»d a seeond pan to carry tlu» 
suhstanee wlien in the water. Readin<js are 
ma<le fnnn some convenient IIxcmI point on 
tln^ si)rin<x or pan, usually a sharp luH)k or 
a l)ri<xht head, whose ima-LT*' hi \hr mirror 
fornix a distinct ohjrct for the eye. Parallax 
is avoidcil by hrinj^^in^x the ol>j(»ct and its 
imaj^e iiuo coincidence* before n*adin<^ the 
^cale. Th » readiuir is nrreatjv faciliiaKMl l>v 
i..,jj ,;, briiiiiini^ a white card |)i(MTed with a small 

Inde, )) mm>. in diam«M"r, r\i>sr u]) before the ey(», and 
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standing in front of the scale at a distance of about two 
feet, so that the obj(^ct and its image are both seen sharply 
fi>cussed bj- the (»ye at th(» same time. An adjustai)le*suj)- 
|>ort carries a small vessel containing the distilled water. 

Before evenj reading the support is so adjusted as to 
bring the lower pan to a certain depth in the distilled 
water. This is most readily done by haying a small semi- 
circular hook on the upper pan which is brought into, con- 
tact with th(» ui)per surface of the liquid. On looking 
«»bliquely upward from below the hook and its image may 
lie bnnight into contact so as to form a comph^te circle. 
In this way the setting may be made with great accuracy. 

In us(* tlie sui)port is adjusted and the reading r^., 
taken with both pans empty. The subetance under ex- 
[XM'iment is then placed in the upper pan, the support 
adjusted and a second reading n, is made. 

• Tlie substanc(^ is th(Mi transferred to the lower pan, 
the a<ljustment made and tlie n^ading vi, taken. Then for 
the d(»nsitv of the substance we hayc* 

ri - r-i 

Deriye and explain this formula 

For substanc(»s light(»r than water a small piece of 
nii*tal heavy enough to sink the sul>stance, is ))laced in the 
lower pan and kc^pt there during all thret* Headings. The 
ilensity is thm computed as above. 

For liquids the 1ow(M' pan is removed and a suitable 
sinker, usually of glass is ;ittach(Ml to tin* hook by a line 
platinum wire. J^eadings are made with the sinker in 
air, r^, with tin* sinker imm(M*s(»d to a definite depth in 
the water, ri, and with the sinker inimcM'sed to the same 



dppth in the Uciftut. r». 
in this cose. 



Hi (■xr'l-'i 



D= Il7l 

It is necessary to exorcise care in the use of the 



'I'- 



paratus in ordpr to 'seciirc trustworthy ri'8ult». Air lnil>- 
bles must be removed from the substance and from tin- 
lower pan beforp readings are takon. Do not alhiw the 
upper pan to come in contact with tlie water ar any time. 
Determine the density of three solids : brass, zine and par- 
atfin, andof a solution of copper sulphate, ('ompare resiills 
wilh those obtained in<pn<cedlng exercixe^. 

KUKM OF RKCOKU. 

Kxerciw IJ. . tM-iisily by metiri* of JoUy'n btilam*. 

Density iif . Dale 

r^' ri Vt 

....._-.. * DeriKily 

Mekn ~. 1 .... 

Exercbe 13. Youngi's Modulus by Stretching. An iron 
bracket firmly atlachi-d to the wall lu'fir the ceiling sup- 
ports a long brass wire which carries on its lower end by 
means of a clamp, a cage for the reception of weights. 
Near the lower end nf the wire is attached a needle upon 
ttie point of which is focussed a microioctpr cathetoraeter 
reading to 0.001 mm. In order to eliminate the yielding 
of the supporting bracket, a small rod hung from it is 
loasely attached to the wire, and hears on its lower end a 
small metal square or flag, near ihe needle point, wo that 
both Hag and point appear in the field at the samv tinif 
and readings may be miule upon them successively. An 
adjustable table is placed niidor the cage before weights 
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are added and then gradually lowered, to avoid subjecting 
the wire to sudden jerks. A weight of two kilograms is 
left permanently upon the cage in order to free the wire 
from kinks and to insure uniformity of stretching. 

Readings are taken upon the flag and the point, F^, P^, 
with only the zero load, two kilograms, on the cage, the 
mean of tliree readings being used in each case. 

Le^ F, — Po = I • 

o o o 

The table is then raised beneath the cage and two 
kilograms added. The table is then lowered and readings 
are made as before. 

Fi - Pi - 1, . 

In this way readings are successively taken for weights 
of four and six kilograms in addition to the zero load. 
After this the weights are removed, two kilos at a time; 
readings being made as before until the zero load remains. 
From the values thus found the stretch for two kilograms 
is computed for each reading. Thus from the reading 
with 6 kilograms added we have 

1»_-L -_- 1 
3 

The mean of 'the values of 1 thus obtained, is taken 
as the stretch produced by two kilos. Having determined 
L and a, we have 

• , F L 2000 . 980 . L 3 

M = - -J- = -. dynes per cm*. 

a 1 a 1 J f 
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FORM OF RECORD. 



Kjrerrise l-^i. Yonng'H iiuhIhIuh by HtreU'hinff. 



L 

r 



Date 



a — - r-* 



Weif^hts Flag. Point. 


9 

4 

6 

4 I 







In 



Computation: 
log 2000 ^ 
log 980 -- 
Jog L - 
colog -r*'' - - 
colog 1 -~ 
log M — 



Mean . . 



M 



• ■ • 



Exercise H. Verification of the Laws of Bending. Tlic^ 
bonding of beams supporting a W(»ight is, as is well known, 
a function of tbe weigbt supi)orte(l, \V,of tbe three dimen- 
sions of the b(»ani, 1, b, d, and proportional to a constant 
C, which dep(Mids upon th(» material of the b(»am and th(» 
manner in which it is sup))orted. It is proposed in tliis 
exercise to (h»t(»rmine exi)erimentally th(»s(» relations. Let 
us assume for the purposes of the investigation, tlie g(Mieral 
exi)ression for the bending B, 



B 



C w'^ I'h/ (P , 



where a, ^i, ;-, s, are constant (^xpoiKMits to ho determined 
by (»xp<M*im(»nt. Since* this t»xpr(»ssion is perfectly giMieral 
it will include all possible ben<lings of th(» bar, obtained 
b}^ varying the weight, length, breadth, or depth of the 
bar, eith(»r succ(»ssiv(»lv or simultaneouslv. In order to 
keep clearly in mind the Halations und(»r inv(»stigation we 
shall vary but one of th(»se quantitii^s at a time, and ob- 
serve tlie bendiiigs produced under definite* conditions. 
T/iua T of definite length, breadth and depth, 



EiASTinrr 49 

'we sliall varp the hxtd succ*essivel\' and obiter ve the bend* 
ings Ba, Bi, Bg, B*, B>, produced Uy the loads wi, W2, w*, 

Inserting related pairs of values of B and w,as Bi ajuj 
\\\^ Bf and \v« in our general formula ux* ha\'e 

Bi ^- C w«, 1 ^ b^ d* 

& - C \v«t l'"'* b^^ i\\ and so forth. 

Passing to logarithms we have 

log Bi = log (' + « log wi -f [i log 1 -^ jr log b + 5 log d 

log ft = log C -+ « log w* : ^9 log 1 -^ r log b -f c log d 

whence by .subtraction 

^ log Bj — log Bj -- rt (log wi — log w*), 

or 

(a> ^^ _ log Bi -Jog Bi ^9) 

** log W| — log Wi 

ttM denotes that this particular value of « is derived 
from the related values of B|, Wi, and Bj, W^. 

Again by using a constant dittenMice in load, w, and 
varying the letigtks 1, we obtain a series of l)endings B'l, B'i> 
B'l, B'4, B'5, corresponding to th(» lengths b, b, b> b, bv 
Applying our general formula to the values of the bend* 
ings B'l and B'j, for lengths b an<l la, we have, in the same 
way as before, 

log B'l = log C -^ « log w -^ fi log \\ ■- Y log b t log d 

log B'« = log C -f « log w * fi log b r b)g h - I log d 
from which 

• 0>) ,',„-. 1"? By- io^b; 

log li — log b 
Similarly by deUM'mining the beiuling for a definite 



50 



fU.AsTftTry 



wcif^lir in Iwii'x iff itw !*iirw iiipiiil, jiiid having I amt J ifip 
fmiiic, Init mr^hty Ute hivtuKh b, wi> liint for rl»c fiucwst-ivo 
bi'i-adtlix In, l>i, iKrc, ilii* eoriTsimmUrkg lifniliiig,«, [i"i, IVa, 

l^'l - _ log B", - log W i 

"* log bi — log ba ' 
Hiiil filially by mriilitg the tIeptA, we have 
(dl ^ logB"> -lt>gB-> 

" log dl — log di 

Tlit> iippiinttirs I Fig, 16), consist i>r a {f|-iu{imU'tl sc-at- 



Hpdii wliii-li slidt' two knife-pi 

biir. one of which 

is ColiiifCUti H> 11 

flattery. At l-he 

irii ikllc of iliy 

gnuhiatcd nolle 

K m o u n I (' d rt 

niicrompterscrpw 

wlnwc |7oiiit rcwts tt|HHi the Iwicfc 

witting iiiMiii iiiiii iM, right luiglf! 

pdiitl, ami eiirrying tiie pan in 

pliic<'it. Tile tiiicroiiieUT screw 

|K>le of the haltery and thp 

(lie bur itwir and the xtirrup 



metiil 




Ktit. !«. 

of a kt»ife-edged stin-iip, 
. tu the bitr Rt \l» middle 
which the wnigJits aif 
■w m connected to tho other 
[•irciiit is complpted through 
A telephone i-eceiver placed 
in the baM<*l*)' circuit gives notice of contact l>Plween the 
]>oiiit of the j*crTw ami the utirrup. 

In use the HUpportH are placed ar eipuil diseanre<i mi 
ejich Mide of the inicroineter ncn'w. ami the bar. with lhi» 
!»iirriip on it. if* si> placed upon the f>uppi>rts ji» to leave 
etpial lengths jjrojocting over the snpponti at eiu-h end. 
The bar iw hitmght. directly under the stcrpw poini and lh« 
-tiiTup pliwfd iiccuralely at right angles to tin- bar a»d 



\U) scn'w. Till- pail (^uriMiiiiiii^ ihc wci^liti must 
atig clear of all nlijccts, TIip npparatiis Imviiig lnwii pi-r- 
feetlv adjuKtctl thp i«'iigtli nf tlic Imp 1. betwc-pu tlif Miip- 
iriB. U rea«latul r(.'Oor»ieii- TIm- mioromcler si-i-ew is tln'ii 
ilowly itimed down until tlip telephone gives notuv of cim- 
lif'twoen (.lie wppw and tlic stirrup. Tin- srn^w is tluMi 
cart-fiiUy lurticd Itacic until the wnap due Ut Itrcaking tin- 
circuit is lieard lu the telt'pliuiie. Tlie zero readiii;! is llirii 
n, using thv mean of three is each cai^e. 
For this experiment four bars of brans of rt>ctnnjjiiliir 
rmttf^spction nnd abuiit 7(1 cm. in length ari> <'iiipluve<l. 
One of the transvpriw dimensions of earb liar is nbout li 
inilllniet«rs, so that when placed with this diiiieiisinii 
iilical, we have a sork's of bars of constant dwpth. Tin- 
other transvefse dimension, for har« No. I, 'i, H and 4, 'm* 
JO, H, 6 and 3 miiliinetern reapectively, so that when this 
tilDHnsion is placed vertical we have ii scries nf bars of 
MMtan/ breadth and variaUe depth. 

To determine llie bending due to ItKI grains, or to any 

weight whatever, it is better to take the zero remliii}! with 

an initiul weight in the pan. Then to tind the lieiiding for 

lOy given Ioa<t, as 100 grams, the iM'nding is taken for rbe 

itUtial load /*''"' the WU graim, and the ii(fereniv Ifctiveen thiM 

naxUnQ nnd tltr initwl remtiuff giveit the liendiiiff fm- liHi yjtiiun. 

lirw initial load is taken and the same process 13 rei>eated , 

Ills giving a second value for the bending for HXl grams ; 

third Initial loaif is chosen and a third value for B is ih- 

'tcnnltl«d. The mean of the three values thu« foiuid is lln- 

Ptiding for 10(1 gritms. Th'm weihmi ii lo tie jmrmud in ni-l- 

10 th»bcmHu{i for uiiy wtii/lil ii-hfttevrr. 
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FORM 4>F KKrimn. 

BeniTiDf^ for 100 grams. DUte . 

Bar No. Length 

J^ad. Ueadiimpcr. 3rfeaiiHv Dittei*iMK;«< for 100 jrrams. 

^*r. 



150 >c: 



♦•>g'. ' 

K5g. 

100 g. 

2«)g. 

AfeaiT bending — B fm* 100 g". 

Tlip «'xorci.sp may ik>\v \w r<mi!)I(»t(Ml iiiuler tin* follow- 
ing heads r 

I. Vjiiy w and deftM'miiK* B for fire difToivnt weights. 
Tse as loads the WvMghtsTo, 100, [oO, 200, and 250 grams. 
Tse Imr Xa. 1, length ()0 cms,, laid flat-wise. Do not a 
any time exceed 1^)0 grams, Detemiine Bi, B*, Bs, B4, Bs, 
for wi, wj, Wji, \V4, Wfi, Apply fffrmula (a), combining th« 
i^hservations two bv two. The mean of the U^n values o* 
// obtjiined in this way is taken a.s the value of « to be sulv 
stituted in the general formula. In case any value of B; 
as Bn, has l)een wrongly determined, then every value of » 
containing the sul>script n will differ shaq)ly from the res- 
and will indicate that the nth observation should be take-* 
with gi'eater care. A glance at the tabulated values of i 
will generally reveal any such pronounce<I (»rror of obser^ 
vation. 
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FORM OF RECORD. 



Exent'Me H. Verification of tke Lawn of Hending. 



Firnt part as given on page 52. 

Second part thus: 

B cms. I log B 



B, 
B, 

aiul so on. 



Date 



W 



Wi 



grams 



log w 



log Bi — log Bi =^ .... log Wi — log Wi an — ... . 

log Bi — log B« =- .... log Wi — log w« -- .... «!»—.... 

Mean value found for a = .... 

II. Vary 1 and determine B' for a constant load.w — 
100 grams. Use bar No. 2, laid flat-wise. For lengths 
30, 40, 45, 50, 55 cms., determine B'l, B'«, B'«, B'4, B^ for 
the constant load w = 100 grams. Apply formula (b), 
combining the observations as in I. Take as the final 
value for /9 the mean of the ten values found as above. 
Itecord as in I, substituting I for w. 

III. Vary b and determine B", for a constant load of 
150 grams. Ust* bars 1, 2, 3, 4, with constant depth. 
Measure bi, bj, l)», bi, by means of tl)e micrometer gauge. 
Determine for bi, bi, b», b4, the corresponding values B"i, 
B"», B"i, B"4. Apply formula (c), computing ais in I and 
II. Record as l)efore. 

IV. V^arv d and <letermined B for a constant load, 
W = 150 grams. Use bars 1, 2, 3, 4, with constant breadth. 
For depths di, dj, d«, d4, determine the bending B'"i, B'"*, 
B'"i, B'"4. Apply formula (d) in computing s. Record 
as before. 

V. Insert final values of //, ,i, f^ -» >'^ ^'^^ general 
formula. Formulate tlu* laws of bending in words. 
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Curves: To repri'si'nt the Hrst, law l»y a curve, plol 
Bon the axisof ordinateR ami w" on the axis of abscisxue. 
Himilarly for the second !nw plot the valiief of B' ns ordi- 
nates and the related values of 1'' as ubscissae. Both curven 
ithould be straight lines. 

EzerciK (5. Young's Modulus by Flexure. As we have 
IciLcned in the last exercirie. the Ijcnding of a bar of length 
1, hreadth b, and depth d, under a load w. is expressed by 
the equation 



B = 



bd" ■ 



It has already been observed that the eonsti\nt (_', de- 
liends upon the mode of support and ihe material of which 
the beam is composed. It is phown in the theory of plas- 
ticity that when the beam is supported by its ends the 
value of the constant relating loits mode of support, is 1/4, 
and when supported from one end its value is 4. There 
remains therefore, the undetermined part of our eom^tant 
C, depending upon the material of the beam. It may lie 
shown from matheniatii'^al analysis that this part of the 
constant is 1/M, where M Is Voung's niodulu," fur t.he nm- 
terial in question. If the bar is supporied ai I lie ends as 
usual, then we may write 

« — '^ '* 
° 4 M b d» 
or 

" 4 b d' B ■ 



* It mu> be HhowD dirt>ol]j' ib&l tin.- tMpn.-i»ilon tor M as ifivtin 
Above, Ik true lor »ll bum aujipofled at the end* mid loaded ut thi: mid- 
dle. Such proof would, hoirover, oxceed lh« Ilniltx «et for thiouiXk 
n- Stewart uni) (ice, vol. t. pp. IRS-lU-x 
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If now we insei't in this formula the dimensions of bar 
No. 1, we sliall find for any bending B and the related 
load w, a value for M very nearly that obtained in exercise? 
13 as Young's modulus for brass. 

Moreover it appears that Young's modulus is con- 
cerned here if we consider attentively w^hat takes place in 
the bending of a bar. We see that upon the under side the 
bar is stretched, wliile upon the upper side a compression 
must ensue. Now the resistance to this stretching stress 
on the one side and to the compressing stress on the other, 
form the two parts of a couple tending to right the bai* 
under its load, and the stress per unit area, divided by the 
strain' per unit length gives again Young's modulus for the 
material in question. 

FORM OF RECORD. 

Exercise lo. To determine Young's modulus of brass and 
Hfe^l by the method of flexure, 
I. 



For brass. 






Date 


Prom exercise 


14, 


I. 




w .... 


• 




log w 


1 --.... 






log 1»- .... 


b — .... 






colog 4 .... 


d — .... 






colog b - 


B- .... 






colog d* .... 


Ml — 






colog B -- .... 



log M = .... 
II. For steel. 

(a) First part as on page 52. 

(b) Computation as above. 

Exercise 16. G)efficient of Simple Ris^i ity* As shown 
on page 40, the expression for the simple rigidity of 
a cylinder under torsional stress is 

n - ^-^ (7) 

where ST is the moment of the torsional couple needed to 



■id 
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prodiK-i- »n aiigulitr Iwisi of H radians in n circular eylli 
der of length L iin<l nnliim v. In ordt-r to rripnsure n «■<■ 
must determine the four quaiitititis 3". W, L. and r. Thb 
is raost readily done bv means of tlie following apparatut^. 
A metal ro<l, some IIJO to 20()fras. in length, is support 
e<l horizontiilly in a frame so thai it turns freely ab«>ut its 
own axis. Near one end of the rod is clamped a short lever 
of length I. carrying at its outer end n pan for weights. Th' 
oth«r end of the hkI sljps into a square soeket attached to 
a vernier arm lufiviiig over a seuie grnduaU^d to degrees, 
hy mean» of which the angular twist of the rod may be de- 
termined. The vernier arm is sup])lied with a slow motion 
tangent screw, for adjustmenl l«'fore reading. The lerer 
1, carries a stout wire ending in a sharp point, so arranged 
as to move in front of a short nrm furnished with a similar 
point. By means of the liingeni strew the two points may 
1)0 Ijrought opposite each other with considerable accuracy. 
The rod is to be brougllt to this jKisition eiu'li time before a 
reading is made. 

The manipidation is us follows : a zero load of 50 grams 
is placed in the pan, ihi- rod liroughi up to position and 
the 3iero it'adiiig taken. A load of 100 gnm. is then added, 
tile rod again itroiight to position by tiie tangent screw and 
a second reading taken. The dlH'erence between these two 
readings gives the angular twist for 100 gins. The load 
in the pan is again increased l)y 100 gnis. jtnd ihe readings 
made. Half the diti'erenee lietweeii thi» rei^ling and tha 
, first is likewi.se the twist for llHI gnis. The load in the pan 
is increased in this way by successive steps of lOOgms. iin> 
til 500 gins, have la-en added ; then diminished by similar 
steps until rlie zero loud remains, the twist for IIH) gms, 
being eoinputed from ench n-ading in eojubiiuitioti with 
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tlie first. The mean of the value's thus foiiiul is the angu- 
lar twist ^, for a load of KM) grains. The quantities L 
and 1 ai'e to 1h» deterniintxl Uv measurement. Determine 
tlie i-adius of the rod from five measurements of the 
diameter hy means of tlie niicromet<»r ^auge, 

FORM OF RE<'ORIK 



Exem'jte Hi. To determine the a^ejllcient of simple rigidity of 
two metal's. 



Date 

Load. Readings. 



50 gms. 
150 
250 
350 



( 4 
it 



Diff. for 
100 gms. I 



CJomputation: 
360 . L . m , ST . I 



!Mean 



n ^— .. — . - 

r^ H I* 

log 360 rr: 

L -- . . , log L ^^ 

m — 100 log m = 

g -980 log g =:^ 

1 = . . . log I - 

^ =^ , ,. colog g — 

r --^ . . . colog rr* :^ 

colos: r"* =^ 



log n =■■ 



n == 



Exercise 17* G>efffcient of Simple Rigictfty of Brass Wire 
from Torsional Vibrations. We hav(^ learned from Hooke's 
law that, \\nthin the limits of elasticity, the restoring force 
called out l)y any distortion is simply proportional to that dis- 
tortion. An important consequence of this law is, that if a 
heavy body he suspended by a wire and the wire be twisted 
through a moderate angle and then released, the restoring 
force is conttnually proportional to the distortion. The mo- 
tion induced is simple liarmonic and consequently the 
vibrations of the bodv are isochronous. Now if I be the 
moment of inertia of tin* bodv, and 5^i the moment of the 
torsional couple produced by unit angular twist, then T, 
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the time of a roiiiplete .vibration of the .system, is jriveu by 
the (Hiuation 



T^-2. 'I <''^1> 



\ X 



1 



from which 



„ __. 4 r:^ I (22) 



We have also seen on page 40, that the e(M»ffieient of 
simple rigidity is defined by the equation 

- n r* ( H ) 



STx 



2L 



whence l>y ecjiiating values for t^i, and solving for n, we 
liave 

ft r I L (2:n 

n -^ — - 

iiw expression involving only (juaiUities amenable toineas- 
UHMnent. 

The apparatus consists of a h(»avy lead cylinder sus- 
pended by a brass win* and furnished with a light pointer 
moving ovim* a horizontal circular scal(^ By m<»ans of an 
adjustable clamp the length of the torsional pendulum may 
be vari(Hl within wide limits. The times of vibration Tj, 
T2,T«, for lengths Li, L^, L», an» determined to thousandths 
of a secon<l by the method given under Time, page 28. 
The moment of inertia I, of the cylinder is computed from 
its mass M, and radius H. The radius of the wire is deter- 
niiiKMl by means of the micromc^ter gauge. The insertion of 
any pair of nOatiMl values of T and L in formula (2H) gives 
a value for n. Compute the three values an<l return the 
mean as tin* valur found for n. 
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FORM OP RECORD. 

Exercise 17, (\>efflcknt of simple rigkiify of brass wire fnyin 

iorston/il vibrations. Date 

First part as given under Exercise 6, Computation: 

Second part thus: 8 ^ I L 

Li cm ... . Ti sec .... r* 'P 

Lri . . . . Ti .... log 8 = 

Lxt .... Tu .... log t: = 

M -^ 10105.8 g~m^ log I == 

R = cm. log L = 

I =r: gm. cm*. colog r* = 

r = cm. colog T* = 



log n = 
n = 



CHAPTER IV, 



PENDULUM EXPERIMENTS AND MOMENT 

OF INERTIA 



18. The Sfmple Pendulum. Tlie object of this 
c»xercis(* is to investigate the relation Ix^fcween the time of a 
simple i>en(lirliiiTi and its hMigth. Since the most casual 
observation shows that the period of a pendulum is some 
function of the length, we ina\' jvssunie as a general ex - 
|>ression for the e^cisting relation 

T : C I'" (24) 

where (* and ni are constants to be determined by experi- 
ni(»nt. Passing to logarithms and solving for ni, as in ex- 
ercise 14, w<» Hnd for in the value 

. log T, - log Ti (25) 

log la — log h 

From a seri(\s of observations on Hve pendulums of 
<Iitterent lengths we get, bv combining as in exercise 14, 
t(Mi values of ni. Th(» mean value of m so determined, 
when inserted in the ecjuations connecting related times 
an<l lengths, giv(»s five* independent equations for C, of the 
form log (' log T — ni log 1. Tlu» mean value of C thus 
det<»rmined, an<l the mean valu<» of m when inserted in 
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♦Hjiiation (24), give the relation souglit. The exercise is 
to he completed hs follows : 

(a) Determine to thousandths of a second the period 
of vibration of a pendulum for five lengths 120, 140, 160, 
180 and 200 cms. 

yh) Compute from these observations the values of 
m and C as described above, observing the arrangement 
adopted on page (53). 

(c) Plot curve, using values of log T as ordinat<»s 
and those of log 1 as abscissae. 

FORM OF RECORD. 

Exercise IS, To determine tlie law of tfie nimple pendulum. 

, Date 

(a) Uhc form of record given under Exercise H. 



(b) 



I 



lORl 



logT 



m 



19. Gnnputation of %. From the well known 
formula for the time of vibration of a simple pendulum 

,'2G) 



T : --- i - 



\ g 



we see that 



C =- 



O - 



cr 



(27) 



or 



IT --. 



4 - 



-2 



From the mean value of C found in experiment 18, 
compute the value of g. 
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FORM OF RECORD. 

Exercise. W. To (impute value of g. 

Date . . . 
C = 

log C -- log 4 = 

log -'-^ = 

colog C^ =^^^ .u • • •__ 
log g '= ...77. .."" " g 



20* To find the Moment of Inertia of an Iron Ban 

Equation (21 ) defines the moment of inertia of a body 
performing torsional vibrations, in terms of the period of 
vibration T, and the moment of the torsional couple STi^ 
tending to produce rotation. Suppose the vibrating body 
to be a rectangular bar of moment of inertia I. If sus- 
pended so as to swing freely about a vertical axis by a 
stout wire it will tend to return to its ])osition of rest if 
disturlxnl. Let the moment of this restoring couple, pro- 
duced by unit twist be <?*i. Then 

If now there be added to the l)ar a ring whose moment of 
itHM'tia Ir , may l)e readily calculated from its dimensions, 
(see Table V), then the period of the system l)ecomes 

T o ^ \ I N- Ir (28) 

Eliminating STi from these two (*tiuations we have 

Again if to the origiiuil system there be added a pair of 
cylind(M*s, each of mass m, and radius r, svmmetricallv 
phiced near the ends of the bar, at distances a, from the 
axis of rotation, the period of the combined system 
becomes 
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T - 9- I I + 21.. {W) 

where Ic, the moment of inertia of a single cylinder about 
the axis of rotation, is given by the equation 

Combining equations (21 ) and (30) we Hnrl 

Finally, if to the onginal sj^stem we add both ring and 
cylinders and determine the period of vibration of the sys- 
tem Tg, we secure a third value for I in the same wav as 
above, from the e(|uation 

1 ^= (Ir * ^M*) . m 2 _ rro • 

The apparatus consists of a flat rectangular bar about 
14 cms. long and 2 cms. wide, to which is attached at its 
middle point and normal to its plane, a small rod furnished 
with a hook at its upper end, by means of which the bar 
may be siispended by a stout phosphor-bronze wire. 
The bar carries at one end a light paper pointer which 
serves to mark the transits of the vibrating system across 
the position of rest. A hirge flat iron ring having its sides 
and edges well polished and a diameter marked upon its outer 
edges, is next placed upon the bar with its axis coincident 
with the axis of rotation. The proper position of the ring 
upon the bar is assured by means of two arcs of circles 
struck upon the up])er surface of the bar, with which the 
outer edges of the ring must coincide, while the ends of 
the diameter must lie in a line drawn length-wise through 
the middle of the bar. 



• See Carhart's University Physics, Vol. I. p. 91. 
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Two small, accurately turned iron cylinders are also 
provided, to be placed upon the small circles at the ends 
of the bar, their centers being distant by a length a, from 
the center of the bar and axis of rotation. 

The exercise comprises the following measurements : 

(a) Measure the external and internal diameters of 
the large ring by means of the vernier caliper and com- 
pute the external and internal radii, ri and r2. 

(b) Measure the distance between the centers of the 
two circles at the ends of the bar and compute the length 
a, from the axis of rotation of the system to the center of 
either cylinder wluni placed on the bar. 

(c) Measure the diameter of the cylinders and com- 
pute the mean radius r. 

(d) Determine the mass of large ring M^ , and of 
either of the two cylinders M^. 

(e) Determine to thousands of a second the time of 
vibration of the bar alone, T ; of the bar and ring, Ti ; of 
the bar and cylinders, T2 ; of the bar, ring and cylinders, T«. 

FORM OF RKCORJ). 

Exercise '^0, To determine the moment of Inertia of an iron 



bar. 



(a) Enter results as in exercise 6. 



(b) 



Value 

Mr 

ri 

Ir 
Me 

a 



log Value i log 

T 

T, 

Ti 

T» 
T, ^ T 
T, — T 



Computation: 
(29) 1 - I, 



log Mr = 

log ( ri'^ + ra^) = 

colog 2 = 

log Ir~^ 

logT* = 
colog (Ti J T) -- 
colog (Ti — T) = 



logI = 
I = 



CHAPTER V. 

OPTICAL MEASUREMENTS. 

RAPirS OF CURVATrRK. 

It is sliown in treatises on optics that the etteci of a 
mirror or of a lens of any form, consists in impressing 
upon the wave-front of the luminous disturbance a curva- 
ture directlv related to the curvature of the mirror or lens 
in question. By definition the curvature at any point in a 
cun-e is the reciprocal of the radius of the osculating circle 
at that point. Since the effects produced by mirrors or 
lenses are to be predicted from a knowledge of their con- 
stants, it becomes a matter of importance to measure the 
curvature of an optical surface, in other words to ch^ter- 
mine its radius of curvature. 

The surface most commonly employed in optical con- 
struction is that of the sphere, since only the largest 
mirrors or lenses possess surfaces differing noticeably thert*- 
from. Concave or convex mirrors mav there fort* \w 
regarded as parts of spherical shells, with the inner or 
outer surf^vce polished as the case may be. The ra<lius of 
curvature of such a mirror is obviouslv the radius of the 
sphere, of which the mirror forms a part. In lenses both 
surfaces are to be regarded as parts of spheres of definite 
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radii. In tlu^ case (►f a plane surface the radius is of 
course infinite. 

Exercise 2\. Radius of Curvature of a Lens by the Sphero- 
meter. 

Tlie experiment consists in determining the rmlius of 

curvature from a car(»ful measurement of tlie amount bv 
which the lens surface departs from a ])lane, i. e., b\' 
measuring the '*sagitta.''* If we phice a spherometer 
ui)on a k'us with the thrcM^ feet nesting upon the surface of 
the hMis, we may conceive a phine i)as8ed tlirougli the lens, 
cutting from it a segnuMU whose l)ase is a circle passing 
through the three feet of the instrument. At right. angles 
to the base of this segmtMit stands the micrometer scre>v of 
th(» spherom(»ter, and bv taking read- 4 

ings, first upon a ])lanf» surface and 
th(»n upon the Icmis,' the sagitta of 0^ 
the curve, that is the distance the 
central foot of the instrument is abov(» 
or below the plane containing the fu. i7. 

other thr(M' fe(»t, mav be accuratelv d(»termin(»d. Thus in 
Fig. 17, let ACBDA represent a vertical section of the 
segment, A (* B the curved surface* of the segment, and A B 
the diameter of its circular base. TIhmi CD — - s, is the 
sagitta, DB - d, tin* distance from the center of tlie in- 
strument to eith(M* of the three legs, and CO BO — r, 
lh<' radius of tin* sphen* of which the lens surface is a 
part. By g<M)metrv 

CI) rlv - CD) -■ BIV^ 

or, insert in*' valu<»s 

s(2r--s) i\' (:^:n 




* S ;e PresionV Theory of Li;rl»t, P- W>. 
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whence 



r = 



d* -r s^ 



\:\4) 



2s 



The distance d is iisuallv measur(»d once f*»r all on the 
dividing engine or comparator, and is called the constant 

^^ of the instrument. Tin* distance d 
mav also he determinc^d in terms of the 
length of the side of the e<|uilateral 
triangle formed bv tin* feet of tin* 
spherometer as follows: Press the in- 
ment firmlv upon a piece of stitt* paper 
until the positions of the three feet are left sharply defined. 
The length of the sides of the triangle mav tlien he ac- 
curately measured by the vernier caliper. Then from 
Fig, 18, 




d* 1* 

d^ — .- = . or d 



1* 
3 



wlience hv substitution 



6s 



{ :5r> ) 



In practice the spherometer is first ])laced on a i)i<»ce 
of plate glass and the zero reading accurately deti»rniined. 
It is then transferred to the lens and the Headings upon 
the lens are made, care being taken to prevent tin* fe<»t 
from slipping off the hMis. The difference between thr 
zero and tin* final readings gives the valu<» of s. From tht» 
known value of d, the value of r is at once c<»mi>uied, or 
the value of 1 mav be determincnl as shown above and the 
value of r computed from equation (3o). 
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FORM OF RECORD. 

ExerciJfe ^1. To deter mhte the. radii of curvature of l^nneH 
I, 2, 4, 7, and //, by the apherometer, 

a 1 - 

Zero LeD8 1. LeD8 2. 



Date 






I-^ns 3. 


Lens T. 


Leiia 9 


Mean 


Mean 


Mean 


s 


rt 


rt 


r 


r 


r 



Mean Mean Mean 

r r 

Measure both sides of each lenH. 

Ezercse 22. Focal Lengfth of Lenses* 

From the well known formula for the f<K*al length of 
a lens 

1 ^ k L <-^^> 

f ' p "^ q ' 

we may (huluce an important relation under the condition 

that the object and image remain at a fixed distance, 

greater than 4f, from each other. I^et 1 be the distance 

b(»twe(»n the object and the screen upon, which the 

image is received. Then there will be two positions 

of the Uuis for which a sharp image is projected 

upon th«» scr(»en, one near the object giving an enlarged 

image, and another nearer the screen giving a small but 

bright image. I^*t a 1k^ the distance between these two 

positi<ms of the lens. Then 

p r <i -" 1, and (| — p — a . 

w lie nee 

la . 1 — a 

(| -- ,^ and p ^ 

substituting in CMS) 

- V' - a-^ . * 

4 1 i:i7) 

*(>win^ U) tho fact that tlic distances p and q are not measured from 
the same point. l>iit f I'oni the two ))rinci]>al points of the lens, this formu- 
la is not strictly a»^curate: the error is, however not lar^e. For the 
correction due to this a]>pi*i>ximation. see (vlaxehrook and Shaw. Practi- 
cal Physics, p. .'io<). H 
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Till' nppanitiis ci)nHists of an optical beiicli alttnit two 
im-lers hiiifj. provided with ii scale reading to uiillimpterB 
nnd twii supports to carry the screen and tli*- lens. The 
itltjt^ot, uittialh' It pin or the hand of » watidi. is placed ni 
tilt? zero end of the scale and at a suitable heitjhl above it. 
This is (^tron^ty illuraiiiatpd bv a lamp placed close behind 
it so that the hrightesr part of the Hnme, the object, the cen- 
ter of till.' K"ns and the iniddh" uf the screen are all in tlie 
name straight line, A rough approximation to the value of f 
iiiny be obtained by placing a piece of white paper in front 
of the object and bringing the lens toward it, until there is 
fnitucd upon the paper an image of the window bars oppo- 
Wle, or of the trees and buildings outside. The reading of 
the lens carrier gives at once the approximate focal length . 
Why is not this the true value of f? The screen should 
then be placed at n distance from the object not less than 
Are nor more ihnn seven times this rough value of f. 
(Why?) 

The lens is now shifted until a sharp image is pro- 
jected upon the screen. The mean of five settings is 
lak<Mi n» the position of the lens. The second position 
of the lens for a sharp image is then determined in the 
Mtnc way. The difference between these mean values is 
fk, and this value with its related value of the setting of 
tbe screen 1, will, when substituted in the formula, give a 
Talue for f. At h>a.st threi- different settings of the screen 
should be used and tbe mean of the three values of f re- 
tiirued as the focal length of the lens. 

In the case of a concave lens, there can, of course, l»e 
tiy real iinage. Thr'ivft>rc, in order to use this method, it 
IB necessary lo ctimhine the concave lens with a convex 
lens of !*uiliible eiirvdiurr. and determine lirst the focal 
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length of the comhiuation and then the focal lengtli of th<» 
convex lens separately. If F be the focal length of the 
combination, and f that of the auxiliary lens then the 
focal length of the concave lens, f, is given by the relation 

J^ _ 1 1 

f ■" f F 
or 

F_ f ( 3S ) 

' F - f • 

Use lens 10 as auxiliary lens in case a concave lens is 
found. 

FORM OF RECORD. 

Exercise 22. To (leiennin^ the focal lengths of f^nnes I, 2, ./, 

7, and 9. 

Date 



f 



LensScreen; Lens | Lens ' a 
No. (1) '1st position2nd positioni 



1. 



r^ - a* : 4 1 



• !•«•■ ••• 



Focal length of lens J = . . . . 

Exercise 23. Index of Refraction of Lenses from Radii of 
Curvature and Focal Lengths* 

It is shown in geometrical optics that the focal lengtli 
of a lens for anv wave lenijth is a function of the index of 
refraction //, of the glass for light of that wave l(»ngth, and 
of the radii of curvature of the lens. This relation is given 
by the (Mpiation 

f ^ \ri r^/ 

If we have the values of f, n and r-j for anv Umis we 
may compute the index of refraction at once from the 



*For the derivation of this formula and its inten)rvtat ion Met* Car- 
hart's University Physics, Vol. 1, pp. 271-277. 
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jihovc formula. Tiie focal length having been obtained 
bv means of wliitu light, tlie resulting value of /i will 
of course refer to no definite color, but will in general 
correspond to the briglitest part of the spectnini. 1. e.. t<i 
ilie pai-t between the lines D and E, 

FORM OF RBrORD. 

Exercitte 2i. From tlie values of f, n and rifor the letusfJi I, 
J, -i, 7, and U, mmpute tlie mean index of refraction for etifih letm. 



Lens. 



rj 



Exeiciae. 24. Lens Curves. 

We have seen from Exercii 
of the screen there are 
in general two posi- 
tions of the lens for 
which a sharp image 
is obtained. If now 
we plot thfl settings of 
tlip screen as oi'dinat.es 
and tlie corresponding 
settings of the lens as 
abscisHive, we obtain 
what ia known as the 
"lens curve" Fig. 19. 
From our nomencla- 
ture the equation to 
the curve is 



■ 22, that for every setting 
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Is this the equation to an hyperbola? If S: 



(40) 
, what are 
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its asymptotes? What is the physical interpretation of 
each? Use lens 10 for this experiment. Determine at 
least fifteen separate positions of the screen with their re- 
lated' settings of the lens. Plot the curve and draw the 
asymptotes. Take pains to obtain as many as four or five 
points near the bend of the curve, i. e., wliere the two 
images approach each other. What is the value of y for 
the lowest point of the curve? Determine the focal length 
of the lens from the curve. 

FORM OF RKCORI). 



Exercise 2J^, Lens curves. 
Lens 



Screen (y). 



Lens (xi). 



Date 

Lens (X2). 



Focal length — Plot curve. 

Exercise 25* Magnify ing power of the Telescope* 

The telescope in its simplest form consists of two 
lenses, the object-glass or objective L, a convex lens of long 

focus, <and 
the eye 
piece L', a 
short focus 
lens either 
Fig.ijo, convex or 

concave. The distance from the object to the instrument 
is always great as compared with the focal length of the 
objective and the image is consquently smaller than the ob- 
ject in all cases. In case the eye-piece is a convex lens, 
(Fig. 20), this small image is viewed directly by the eye- 
|)i(^ce as an object placed nearer the lens than its focal dis- 
tance. The result is a magnified virtual image of the 
image. 
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The t'tfect of a toloscopo is to iiuMVjvse the visiud angh» 
siihteiidod l)v a very distant object, that is, to briii<^ an iina<i;e 
of the objeet near the 
♦ne, so that wh(Mi tliis 
iniai^e is viewed bv t\w 
eve directlv, the visual 

nngh» subtended bv it is 

F 
lar<;er than that subten(U'(l by tl\e object, in the ratio ,^^ ^ 

^ • ' 

wiiere F is th'» focal h»n^th of th«» objective^ and 2n cms. 
represents th(* distance* of distinct visi<»n for the normal 
eve. This reflation is n^adilv seen from Vii^. 2K when* tlu^ 
obj(»ctive L, forms an image of a distant object upon a 
screen. An eye at tin* ccMiter of tln^ objective* wouhl see 
both image and object as of the sanu» si/.e, since the angles 
subtended are efjual. If liowever, the eye apl)roach tlie 
screen, the angle subt('nde<l by the image* will inert use un- 
til at a distance* of tweMitv-five* cms. fronj the scre*eMi the 
imjige will appe»ar largeM* than the ol)je»ct in the ratio 

F 

.J. , as giveMi above^. 

If the e»ve be brouijjht nearer to the imam* in 
order to incn*ase the* magnification, its powe*r must 
be increased by the use* e»f a lens use*(l as a simple* 
magnifier. Such a le'us is te*fm(*d an eye*-i)ie'ce. T)ie* 

magnification prexluce'd by tlie* eye*-piece» is 



IM 



f 



where 



the focal h*ngth of the e*ye*-pie'ce is f. The total maginti- 
cation of the two lense^s forming the* teOe'se-opc is the^re^fore* 

F 
the product ot the two, e)r j. . This ratio is called the* 

magnifying power e)f the te'lesceipe*, and is most re*adily 
measured as follows : 
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A Uyn^ scalo is set up at one end of the i^oom and so 
lij^lited that the divisions shall f>e ?€^n shai^iP and clear, 
'flu* telescojK^ is focHissed u\yon the scale so as to give a 
sharp image. Hie fHmerver next hxyks throiigh tite telescope 
with the right e{fe ami rieiCH the stttfe directly icith the left eye. 
A little adjitstinent of the direction of the tele- 
seo|x> aiicl a !itth» patience will enahle the ob- 
server tose(» the two images fonned by the two 
eves, overlapping, so that he s(»es at the same 
tim<» (Fig, 2'1), the complete scale, and pro- 
jected upon it, the magnified divisions of the 
scale itself. By can»ful adjustment of the tele- 
sco|>e the hnigtlis of these magnified divisions 
mav \w read dircctlv in tenns of the divisions 
of the scale. '^Hiiis, suppose the half division 
from 4 to 4i is seen projected upon tJie scale, 
its upjKM' edge apjM^aring to lyi* at 4.1 and its 
lower edge at 8.15. It is chnir that one-half division seems 
to cover 4.05 divisions, Iience the magnifying power 
is S.l. 

Care should be taken to avoid touching the telescope 
or its suppoit dunng the jn(»asuirments, as well as to avoid 
moving tlie lu^ad while comi)aring the upper and lower 
edges of the image for coincid(Mice with the scale divisions. 
Measure the jnagnifving power of the telescope at dis- 
tances of 4, 7, 10, and 15 metcM-s from the scale. Next re- 
move the ti(»ld combination, by unscnnving the telescope at 
the Hrst joint from tlie eye-piece, and taking out the lens 
fouuil there. Ke])eat the mt^asureuHMit as abov<\ What is 
th<' pur|)os(> of the field combination? How does the mag- 
nification vary with the distance? 



Ffg. 
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FORM OF RECORD. 

ExerrtJie ^'k To deter mtjie the magtiiftfing functor of a \ele- 

^ro\)e, 

* Date 

Distance from Hcale. Magnify io*f |M»\ver 

with combinoiion. uithouv ixmilanatkin. 



Effect of distance upon ma^ifylnjj |>ower. 

• 

Exercise 26. Radios of Curvature by Reflectioiu 

The radius of curvature of a polished spherical surface* 
may be determined by means of purely optical n>nsi(h»ni- 
tions if we employ the phenomena and forninlje n^latinj^ to 
spherical mirrors. Assume that the convt^x si)hencal sur- 
face m' (Fig, 23), is placed before the telescoi)e T, at a dis- 
tance A, and that ir 
receives light from two 
brilliant objects L and 
\1 s V ni \\\ e t r i c a 1 1 v 
])laced with ivsi)ect to 
T, Tln^re will l)e 
formed in the mirror 
Fig. 23, m\ two virtual, <M*ect 

and diminished images of the objc*cts L a)id L\ Owing to 
the inversion of these images by the teiesc<»j)e they are 
seen inverted in T. A small scale ss', placed in contact 
with the lens enabh^s the observer to read off directly the 
aj)parent distance ss' between the two images. Now since 
the rays from L and L', after n^flection at s and s' enter the 
telescojM* and seem to come from the images 1 and 1', the 
normals (-s and Cs' will, if produced, bisect appro.\imat(»ly 
the angles LsT and L's' T, and to tlu* same degree of 
approximation, PQ — 1/2 LL' where P and K\ an» respec- 
tively the intersections on LL' of Cs and Cs' ])roduced. 
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Lt»t ss' - s ; ()T, till* distance from tlie leus to the objective 
of telescope. A : OC '= R ; and LI/ - L. Then from 
the triangles PQC^nd ss'(* we have 

L/;2 R f A 
s: ~ R '■ 

or 

I. _ -^ As (411 

L - L^s • 

In |)i'actic(» th(» lens is held in a chrinp supported upon 
a trijxxl base, one foot of which hilars an adjusting screw 
for tilting the* hMis about a horizontal axis. Tliis foot 
sliould stand in a line j)aranel to the axis of the telescope^ 
and normal to the Kmis surface. Two small hnmps are 
phice<l at L and 1/ with tln^r Hames turned edge-wise to the 
lens. Tlie telescope and h'us an* s(»t up on two tables at 
h^ast tlu*e(» meters apart, the 1(M1s facing the most brightly 
lightcnl window in the room. The teh\scope is focussed 
up(»n the hMis surface until the scale ss' is sharply defined. 
One observer then takes ono of the lamps and moves it 
slowly back and forth and up and down along the line TL, 
until the other catches sight of tin* moving inutge in the 
telescop(\ 

It is to be not«'d that th(» imagi* in a convex mirror 
is erect and is seen inverted owing to the inversion in the 
telescope ; this^ inv<M*sion applies to the motiims of the 
lamp as well, so that if the light moves to the* right, the 
inuige seen in the telescope moves to the left and r ire versa. 
Should the image fail to a|)|)ear when the above directions 
are followed, the lens holler should be rotatcMl slii^htiv 
about its vertical axis until thi* image appears in the Held. 
Tin* iinair<' i"^ then brouixht to the level of the scab* bv 
m«'an< of the adjusting screw in tin* foot of tin* l(*ns holder. 
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A black clotli placed close behind the lens renders the 
image much more bright and distinct. 

Care must be taken to avoid confusion of the true 
images from the front surface of the lens, with the pair of 
erect inuiges seen in the telescope which are due to reflec- 
tion from the back of the lens ; these linages are originally 
inverted owing to tlie concave surface, and are erected bv 
the t(descope. Which pair of images must i)e chosen in 
case of a concave lens? What change is needed in the 
formula? 

It will usuallv be found necessary to change the focus 
of the telescope very slightly in order to fix sharply the 
position of the image on the scale. This difference in 
focus becomes the more marked the more nearly the lens 
surface approach(\s a plane*. The method is therefore b(»st 
adapted to lenses >of large curvature. The small scale 
may be dispensed with l)y pasting upon the lens two strips 
of paper with straightedges, paralhd and facing each other, 
the perpendicular distance betwecMi the edges of the strips 
is then carefully measured with the vernier caliper and 
recorded. The lamps are then so adjusttHl tliat their re- 
spective images just disappear behind the edges of tlie 
paper. The measured distance is then ecpial to s. The 
distances A and L should be measured with a steel tape or 
a long stick and a metric rule. 

Measure i)y this method the radii of curvature of 
lenses 1,3, and 9. 

'FORM OF RKCORI). 

Exercise '2fi. To detenu Ine the ntdil of rurrature of fenn* s /, 
'ij and .^, by mettuHl of reflection. 

Date 

Lens No. A L ' s i U 

1 , 

3 1 

9 • 



7H 
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Exercise 27« Index of Refraction by Means of a Microscope* 

It is shown in works on physics * tliat if \x point 
A, (Fig. 24) , be viewed vertically through 
a transparejit plate of thickness OA, and 
refractive index «, the point will appc^ar 
to be raised to some position I in the 
vertical, such that OA — fi.Ol, or 



t^-= 



OA 
O I 




a 



(42) 



wMiere A I =^ a. 



In this way the index of refraction of a transi)arent 
plate, or of a layer of fluid may be d(»termiiied by means 
of a microscope furnished with a scale and vernier on its 
tube. 

In pnictice the microscope*, fitted witli a l<»w pow(»r 
objective is focussed upon a mark on a piece of stiff paper, 
or better uj)on a scratch in a ])iece of flat m(»tal, lield ui)on 
the microscope stage l)y mc^ans of clips or bits of wax. 
Tlie instrument having Ixmmi sharply focussed upon sonn* 
prominent feature* of the scratch, the position is takcMi In- 
reading the scak* and V(»rnier on the tube. The trans- 
|)arent i)late, usually a i)late of glass some 5 mm. thick, 
is next placc^d upon the stage above aud iiinneiiidfehj 
in contact ivUh the scratch in th(* plate. Tlu' micn»- 
scoi)e is again focussed upon the same featun* of the 
scratch throur/h tin* i)hit(\ and the Heading taken as befon*. 
TIhj microscojx* is th(*n focussed upon the upper surfiice of 
the plate and the reading mad<\ From these thrf»*» read- 
ings, each being the mean of at h^ast live separate setting«yc. 



* Sj»e Carhart'rt University Physics. Vol. F. p. 2HI 



OPTICAL MEASUREMENTS 79 

tin* valiu's of OA and 01 are remlilv detennined and the 
value of ft computed from the formula. 

For iitfuida a small flat bottomed dish is fastened to the 
mieroscope stage bv two bits of wax, and the instrument 
foeussed upon a scratch on the upper surface of the 
bottom. The liquid is added by means of a medicine 
<lropp(M' to a depth of from 3 to 5 mm., and the reading 
taken upon the naiiie nrrafrh through tfie Wjnid, A few grains 
nf lycopodium powder are then sifted upon the surface of the 
li(|uid, tlie microscope focussed upon a grain of the float- 
ing powder and the reading taken as before. For liquids 
the instrument must of course stand vertical. In case the 
readings ditter by as much as 0.0(5 mm., the mean of a 
larger number of readings must be taken. The depth of 
the li<|uid may be increased after each determination, and 
readings through tin* licjuid and on top of the li(|uid give 
<lata for a new value of //. 

Determine bv this method the refractive indices of two 
pieces of glass and of distilled water. 

FORM OF RKCORD. 

EserviHe J7, To determine the index of refraction of gluim 

ond iciiter hy meonn itf a mirroMrope, 

Date 

Reading on scratch. Through subst. On top I t t - a j /i 



Thk Spkctromkter. 



The spectromet(M' (Fig. 25), consists of a telescojH* 



HO 



OPTK 'A A MEA SI liEMKXTS 




ni<»unt(Ml so as to move fr(4»lv about a vortical axis, a jjrad- 

uatod crrclo concen- 
tric with tin* verti- 
cal axis and pro- 
vided with verniers 
or reading niicro- 
sco|)(»s for d(»ternnn- 
ing th(» exact posi- 
pijr. 25. tion of the telescoi)e 

at any tim(\ and a collimator, or tube carrying at its 
out(»r end an adjustable slit and at the inner end a double* 
convex liMis, by mc^ans of which all light i)rocetHling from 
th(» slit may b(* made to h^avc* tin* collimator as parallel 
rays. Upon the vertical axis is placed a small tabh* to 
support the prism, grating, or crystal to be studied by 
m<»ans of the s|)ectromet(M'. 

Adjust Hfeiifs. A numlxM* of adjustments must be made 
b(»fore the spectrometer is ready for use. 

(a) The eye-piec<' of the telescopt^ has at its focus a 
|)air of fine hairs termed cross-hairs, which must be sharj)- 
Iv s(MMi bv the (»ve on looking into the tel(»scop(*. Tf th<» 
cross-hairs an* not sharp, the e^M'-pieci' must either b(» 
drawn out or pushed in with a g(Mitle twisting motion until 
the cross-hairs are seen sharply defined on a white- field 
when the t(»lescoi)e is turniMl toward the window. 

(b) Tin* telescope its<»lf must b(* focussed for parallel 
rays. This is best done* for thc^ first time by removing tin* 
telescope from its carri<M' and focussing upon some very 
distant obj(»ct, as the moons of .)uj)iter or th(» planet 
\'enus. 

(c) The telescope is then replaced and turned so as 
to h)ok directly int(» tin* collimator. A small lamp is 
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placed behind the slit, which is sliglitly opeiiecl, and the 
outer end of tlie collinuitor eitlier puHed out or pushes! iu 
until the slit i^ seen sharply fdcussed in the telescope. 
The images of slit and cross-hairs must sliow no parallax, 
that is, there must be no ai)par(Mit motion of slit and cross- 
hairs with reference to eacli otiier jus th(» head is sliuhtlv 
moved from side to side while* ](»okin<^ iuto the teh^scop(^ 

The collimator is now in adjustment, i. e., tin* slit is 
Ht the principjil focus of the collimator objective, since tin* 
telescope focussed for parallel rays shows the slit sliarpiy 
focussed, and the rays therefore, enuM'ging from the colli- 
mator must be paraUel. In practice it is b(»st to mark this 
position of the collimator once for all, and havintj; brouj^ht 
the collimator slit to the indicatcui jmsition the t(»lescope is 
focussed upon theslit directly, and adjust njents b and c are 
made. 

(d) The ax(^\s of the telescope and collimator must 
stand normal to the vertical axis of the instrument. The 
telescope and collimator ?nay each be raised or lowered by 
means of fuljusting screws, but orfh'Hffrfly fftr t-oflhuofor Ls 
pfO'Ced in (idjustntent htj the hhsfrurfor and the teh^scopt* is 
raised or lowered until the image of the slit falls in the 
central part of tin* Held. The telescope is clamped in 
position by means of a thumbscn^w Ix^fore readings an* 
made, and care should Ix* taken that the sorting of the 
telescope is not changed tln*rebv. In moving tln^ teh*scopc 
take Iwld clone up to the rircle and not bij the oittpr end. 

Exercise 28. To Measure the Angle of a Prism. 

The adjustments having been, made, place the prism 
upon the table with the angle to be measured immediately 
over the center of the small tabic*, and facing the collimator 



«2 
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SO jis to divide t!ie opening about fMiiially. Turn the tele- 
scoi)e to ix)sition T, (Fig. 26). A blaek cloth phu^ed loo.<*e- 
ly over the collimator, prism and 
telescope aids materially' in finding 
the reflected image of the slit in the 
telescope. It is best to catch the re- 
flected injage first in tlie eye placcMl 
close up to the prism and tlien, keep- 
ing the imager in view slowly bring 
th(» telescope into i)osition. Having 
found th(» imag(» reflected from the 
right side of the prism turn the tel(»scope to position T', 
and see if the image from the h^ft side is also visible and 
the telescope in such a position that rea<lings may be made 
in each case. 




FlK.*36. 



Th(* slit is now brought down to a narrow line bv 
means of the adjusting screw and the middle vertical 
cross-hair made* to bisect the image of the vertical slit. 
Th(^ t(»lescoj)(» is tb( n clamped in position and the reading 
in position T ma(ll^ The telescope is nc^vt undamped, 
turned lo j)osition T, the* image* bisected by the cross- 
liair and th(» r<»ading made. Th(» diffen»nce i)etween these 
two readings is twice the angle of the prism. Prove this. 
Displace the prism slightly and repeat the measurements 
three times. 



FOKM OF KKCOKI). 



Kj'ercist* JS. 7V* menHure the unf/fc of a prism by ineanH of 
th*" sperfroniefer. 



Position T. 



IVsitiou T'. 



Date . 
Ditferenco. 



.\n>fle A. 
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29* Index of Refraction of a Glass Prisnu 

The effect of h i)rism upon lii^lit passing through it 
is two-fold. The direction of tlie light is changcnl, the 
light being hent towani the bas(» of the prism l)otli on 
entering and leaving tln^ i>risni, and s(»condly, the light is 
dispersed or broken uj) into its constituent colors. If tlie 
prism used in tin* i>r(»vious i^xercise, be now place<I cen- 
trally over the center of the table and turned into the 

position indicated by the full 
line* I Fig. 27), an eye placed 
in the j)osition indicated by the 
emergent light, will perceive no 
longer a bright image of the 
slit, but a broad band of color, 
th(» si)ectrum of th(* 'i^bt fur- 
nished l>y the lamp. This si)ec- 
trum mav now be received into 
the t(»lescope and its parts ex- 
amined. The best effect is ob- 
tained by excluding all stray light from tlie telescope by 
means of the dark cloth as in Kxercise 28. By rotating 
the prism slowly and following the spectrum with the 
telescope, a i)osition is soon found in which, no matter 
which way the prism is rotated, the sjterfrunt comes to a cer- 
tnin iH)iut iieareHt the divert line from the collimator, stops atul 
then recedes. This is the position of minimum deviation. Th(» 

small lamp is now removed and a l^unsen burn<»r substi- 
tuted. The burner is so arrangc^I that the colorless fiame 
plays against tlH» tip (»f a piec(» of asbestos paj^er saturated 
with sodium nitrate. Ati int<'nse y<*llow light results. On 
examining tiie image in the telescope* it is sckmi that the 
spectrum of this light consists of a singh* bright line, a 
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\{A\o\\' iiii;i*(f' of tlic slit, the sodium spectrum, ./<w th'tK 
(entjtentfitrv. hi s|)ectn)scoi)(»s of hi^b resolving {X) wo r this 
lin<' is rendily s(>en to coiisist <if two lines, Di and D*. 

By elosiuf^ tlie opeiiiiiijjs of th(» Runsen burner so as to 
jUfive the kuniimus tianKs the continuous spectrum returns 
and we see superposed upon it the l)right line due to the 
va|KFr of incainb^scent sodium. The non-luminous flnme 
having been rest<»re(l, the ])risin is rotated until the posi- 
licm i}{ minimum (h»viation for tlie sodium line is accu- 
raiely d<»termined, tbr* cross-hair placed ui)on the image of 
thr slir. tlie tel(»sc(»pe clamped and the reading taken-. 

'riH» |)nsm is next rotati^l into the position shown by 
th<» ilotted line in the figure. The light is now deviated to 
th(» left of the direct position and the position of minimum 
<leviati<»n is (let(*rmined as befon*. The ditienMice between 
the two readings is obviouslv '21), where I> '-v the an(//e of 
uihihninn fleviation for siMiiuiH light. It is shown in works on 
physics,* that when tlu^ prism is i)ut in the* position of 
minimum deviation, the i-efractivi' index //, is defin(»d bv 
the e( I nation 

sin 1/2 (A -^ I) I (43) 

'" ' sin 1/2 A 

where A is tin* angle of the prism. Derive this formula. 
From tin* measured valuers of I) and A as obtained 
above, compute the vahn^ of // for sculium light for the 
prism unch'r experiment. K(»peat the experiment using 
lithium carb;)nate in place of sodic nitrate. 
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FORM OF RKOORD. 



Kxerrlne JiK To iMermine ffie in4iex of refnution of a prism 



/in- the liiieH 


Na„ 


Ulid Li a. 


Prism 










T 

• • • • 






A 

i(A - 


• • • • 

A 

D 

- D 

' D) 

A A 




• • • 



Date 



2D 



D 



• « • • 



Computation, 
log sin i (A + D) 
log sin i A 

log fi 



Exercise 30* Wave-length of Sodium Light by Diffraction 
Grating* A Buiiseii burner (Fig. 28), is provided with a 




# 



Fig. 28. 



shvvx iron hood in wliich is cut a small triangular slit, s, 
about l.o cms. long. Immediately in front and below the 
slit is fixed a nutter rod held horizontally with the slit at 
the center of the rod. At a distance of some three or four 
meters in front of the slit is placed the grating, held in a 
suitable clamp, with its surface v(»rtical and parallel to the 
meter rod. If th<» burncM* be adjusted for the luminous 
Hame the slit appears white to the naked eye but when 
viewed through the grating the eye preceives in addition 
to the white slit, a number of spectra symmetrically placed 
with reference* to the slit. These are diffraction spectra 
and are characterized (a) by the relative position of the 
various colors with respect to the slit, the. violet being the 
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least diffracted and the red ihe most ; (b) by the uniforraitj' 
of the dispersion of the various spectra, each color being 
seen at a distance from the slit directly proportional to the 
wave-length of the light in question. 

In practice the luminous flame is replaced by the 
sodium liglit and the colored spectra become a series of 
yellou' images of the slit, which are seen by the eye placed 
behind the grating, projected upon the meter rod at spaces 
equidistant from the central image oi the slit. Beginning 
at the inner spectra measure carefully the distances sis'i, 
between the first two images on either side of the slit, S2S2', 
the distance between the next two, and so on. Take half 
the measured distance as the distance* of each image from 
tlie central slit, ssi, ssa, and so on. 

If the grating sj)ace be d, n the order of tlie spectrum 
observed, and ^ the angle subtended at the eye by the dis- 
tance ssn, then 

n / - d sin <^n * (44) 

where / is the wave-length of sodium light. Hence for the 

first three or four spectra, 

1 . ^ d sin »'i d sin ^s 
/ -- d sm Hi - — - — , etc. 

J. o 

• In the experiment d(\scribed tlie distances sSu divided 

by a, the distance from the slit to th(» grating give directly 

tan ^n, in each case, from wliich the value of sin ^n is 

readily found., 

l)et(M*min(* l)v tliis method th(» wave-length of sodium 

light, using spectra of at least four differcMit orders. In the 

grating used tlie value of d will be given by the instructor. 

Return / in millinu*tt»rs. 
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FORM OK RKCORI). 

Exercise -UK To ineiiHare the wave-length of Hinlimn light bif 
diffraction grating. 

d — .... s=.... a^^.... Date 



Su 



Su 



SSti 



ss 



II 



a 



sill ^„ 



n 



/ 



I . . . 
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CHAPTER VI. 

MEASUREMENTS IN HEAT. 

Heat phenomena are sucli as aff<K't (Mtlier (lin»c*(- 
ly or indirectly our temperature sense. By the tempiM'nture 
of a body is meant its condition as regards its ahilitv to im- 
part heat to or receive heat from otlier bodies. If two bodies 
possessing diiTerent temperatures b(^ brought into tliermjil 
union, heat flows from the one of liiglier temperature («» 
the one of k)wer temperature, and in general the flow of 
heat is sucli as to produce and maintain i\n equilibrium of 
tomperaturi* in the body, or syst(»m of bodies. Wlien heat 
is applied to a body tli(» foHowing efl'ects may be noted : 

(a) The tf^npcM-ature of the body rises. 

(b) Tlie body undergoes a change in volume ; in gen- 
eral an increase in volume of the bodv attends an increase* 
in temperature. 

(c) The body may change its state* or condition, as 
for cxampl(\ ice chang(\«^ to wat(»r and water to steam upon 
the application of deflnite (juantities of heat. 

Calohimktkv. 

All measurements in he^at must be made t(» depend 
upon some one of the above ettects, usually tluit of change 
of volume. Temperature* is deiincHl (juantitatively, by nieans 
of the expansion of a pe'rfe»ct gas, by assuming that equal 
increments of temperature* pre)duce» eepial increMiieMits of vol- 

-H8 
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umo or pressure in tli(» <^as. As points of reforeiirc^ in tlie 
nKN'isinvinent of teinperjuiire tlie two fixed points for waKM', 
tb(» freezing and th(* boiling points n ndcM* standard coiulitions 
have been c1ios(mi. In tlie centigrnde scale i\w temp(»ra- 
tiire of melting ice is called 0", and the t(Mnperature of 
steam forming freely under a pressure* of 7()()mm., of nier- 
cur}', is taken as 1()0\ Temperatures are usually meas- 
ured bv means of mereurv-in-glass thermometers. Such 
thermometers possess numerous disadvantages as compared 
with the gas or air thermometer, promin(Mit among which 
are the following : 

(a) Inequality of the bore of the glass tube, 

(b) Inequality of the scale. 

(c) Neither glass nor mercury expands ecpuiHy and 
and uniforitily throughout any large rangt* of teilij)erature. 

(d| The instabilitv and uncertaintv of the fixed 
points of the thermom(»t(»r, arising eith(M' from slow 
changes going on in the thermometer itself or from sudden 
and large variations in t(*mperatule incident upcin the use 
of the thermometer. 

From these causes it is evidently a matter of first im- 
portance to vcM'ifv the Headings of a mercurv-in-glass 
thermometer, witli which anv accurate work is to be at- 
tempted. 

Exercise 31. Detennmatfon of the Fixed Points of a Ther- 
monieten Tbe fixed |)oints of an ordinary tliermomrter are 
usuallv in error bv some fraction of a dej'rec* and these 
errors when det(»rmin(»d, form the basis of corn^ction to be 
applied to all subs(»(|U(Mn readings made with the instru- 
ment. The fixed points must b(» fnujU^'Utly (h'tcrmined. 
These determinations fall und(»r two heads 
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(«) Tilt Xeru Foint. 

Th« rhermomotei* to be tesLed himiig buon previously 
wfiwlii'd ill water, is plungpd into a clean vesBel cuntaining 
II niixMiiv of distilled water and pure iee 8o that thy raer- 
curv threiMl ih entii*ely suntjunded by the mixture. Wlieo 
the reiuliiig is tuken the thermometer sliould h« raised 
jiiHt high fiiiougli to show distinctly the upper end of the 
iiieiTury rihiinenl. In reading care should be takon to 
iivoid piinillax. As soon us the mercmy has Tallen to J', 
noti' the reading every minute until it lias remained sta- 
tionary fur Hvi- tniniiteii, taking the final readings as tlio 
WTO reiwling of the thernionioter. Remove the ther- 
inomet^-r from the ice mixture and allow the nii'rcury to 
rise to iV, ;ifter whirh i-epeat the experiment. Tiike the 
mean of the two results as the reading of the thermometer 
atlCC. If this reading be a degrees, then the eorreetion to Iw 
applied for the zero point is — a," . 

(h) TIf IhtiliHff Point. 

The »p[>ariUns( Fig. 'iS) I, consists 
of a briixs vessel piirtly tilled with 
water and having in its up[>er part, 
double walls so arranged that the 
steam passes up through the inner 
cylinder, down througli the outer 
spiice aud escapes from a short tube 
near the bottom. The thermometer 
is passed snugly through a close- 
Hlting eork, into the inner cylinder. 
Tile buib should not come into contact 
with the water ami. if possible, al- 
HKwt the entire lilameiit of mercury i-u. n 

Tilioulil III' enclosed by the steam ii>suing freely und) 
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mivsphoric prt'ssurc. The lemporiiluri' nf tin- st.'iMn 
founci from tlif liarometric pressiiro iiiuitT wliicli ilic wii 
boils, from tlio following aiiproxiinat*" forimila ; 

t = 100" + O.037r. (B - TliO). (^r.) 

, where B diMnites the barometric pressurp in mm., corror 



:'il 



I lo O'C. For accuratt' values of boiliiijf point at <litl'i'riMil 
preMUrPS see Table V'l. 

No reiidings sliould be taken, until ihf steam issues 
I freely from the tube at the bottom. This tulH> should be 
i kept entirely open and the water nhould not be boiled too 
[ Tiolently. (Why?) Whj- is there no correetioii fitr bnro- 
I metric pressure applied to the freezing point? What will 
I be the correction for the boiling point if the theruKuneU'r 
reading is found to be (t + b)" C? Aft^r the determina- 
tion wf the boiling point redetermine the freezing point. It 
will in general be found tliat tlie zero point has been 
"depressed" below the one first found, owing to the iunl>il- 
ity of the glass to follow immediately the »<iidden ebtnigcs 
I of temperature. 

Under the supposition that lln- \h)Y<: of the tube jukI 
I (he scale are uniform between the two Kxed points, the 
I Tn]ue of a st-ale part may be found in terras of degrees by 
I dividing t degrees by (t -f b — a). Caleiilate by this . 
method the value of the tenth, twentieth, thirtieth, et<;,, 
divisions of the scale. Compare the values so found with 
[ a calibration obtained by direct comparison of the ther- 
, moraeter with a standard thermometer. 

For this comparison both thermomctei-s slumld !»■ 
I plAced in a largo bulk of water in such a way as to keep 
I their bulbs near together, and the water constantly stirred 
[ daring the pompari.son. Change the temperature of rbe 
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water hy steps of 5 at a time from 0^ up to 5()°, and rea<I 
hotJi thei'iiiometers eacli timc^ after tl\e water lias been well 
stirred. (*ompare i\w corrected table obtained by the com- 
parison with tlie standard^ with the calibration obtained by 
cakudation. 

Ih^terniine th(» fixed points of an ordinjiry thermome- 
ter and calibrate it from (f to 50'' V . 

FOKM OP' KKCOKD. 

Exei'ri^e -it. To detennhte the fixed /nrhtfH of (i t kern tout etei\ 

Thermometer N'o. Date 

Zero point. \ Boiling" point. Calibration, 



lieading 



Correction I Heading t 



( 'orrection I Compared \ Computed 



Depressed zero point. 



Value of one scale part. 
SPECIFIC HKAT. 



Temperature is to be sharply distinguished frojn 
(luantitv of lu^'it. The former has reference onlv to the 
kinetic en(»rgy of tlie mohn^ule and has no ri'ference to the 
amount of matter involvcnl. In (imnditii of heat account 
must be taken both (»f the temperatun* of th(» body and of 
its mass. The unit of t(Mn|HM*ature is the degree 
ceiitiirrade. The ftnit of nitttntitff of heat is the raforle. A 
calorie is rh(» (juantity of lu'at re(|uired to raise the temi>era- 
ture of tuie gram of water 1 C. In this text no account 
will b(» taken of the change in tln^ specific heat of water 
with varying tt^nperature. The thenntt/ mpavity of a body 
is the numbrr of calories recjuired to raisc^ tin* tempera- 
ture of the htxtfj one degrtM* ccMitigrade. Tin* s per {fir heat of 
the substance, of which the body is composed, \s \Xs thermal 
r4i/}<trif{/ jttr unit ntoss^ <)]• it is th«' heat in calories required 
to raise the temperature* of one gram of the substance one 
<legree ccMitigrade. 
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From tlie definition of a calorie it follows that the 
f*j)er{fic heat of water is taken as utiity. The specific heat of 
any substance is different for different temperatures and 
hence as usuaJly given, it denotes the mean value for the 
specific lioat betwe^en certain temperature limits. The 
specific lieat of water varies slightly wftli the temperature 
but may with but slight error be considered as constant! 

METHOD OF MIXTURES. 

If two substances of mass nii and nij, at temperature^ 

ti and t*j, and tlie specific heats si and s-2, be brought into 

contact, they will come to some intermediate temperature 

t, such that the number of calories given out by the first is 

exactly (Hjual to the number gained by the second, provided 

of course, that no heat has been lost externally through 

conduction or radiation. Then the equation for the heat 

exchange is 

mi si (ti — t) = m2 ss (t — U) . 

If the scH'ond substance be water, then Si -— 1 and the 

equation is 

^ _ m^(t-ti) (46) 

' ^ " mi (ti — t) * 

In actual practice it is impossible to avoid loss of heat 
both by radiation and by conduction. If the water be con- 
tained in a vess(*l or calorimeter, then the latter receives 
heat along with the water and finally comes to the* common 
temperatun* t. Let m be the water-etjuivalent or thermal 
capacity of the calorimeter; that is, let it take m calories 
to w^arm tlu* calorimeter 1^ C, then the total heat gained 
by the water and calorimc^ter will be (m "^ nii) (t — U) 
and we have 

(na -f- m-i) (t — t*) (47) 

si = /- - . ' 

nil (ti — t) 
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Exercise 32. To Find the Water-Equivalent of a Calorimeter. 
The caloi-imeter is a cup of tliiii iiictnl. pivfi'iiililv ..f 
slumiiiiuin, which is placed iiiHido a large vpssi'l [ijikii a 
flat piece of cork or other i»oor colnUictur. In tlif calori- 
meter is a stirrer and a thermometer. Irfl m !>!■ thi- walcr 
equivalent in caloriw of tliecaloriraeti-rincliidiiiij stirrer and 
thermometer ; aI?o let the calorimeter contuiii iiii ^vams uf 
water at a temperature tn; suppose tlio resulting teiiiperii- 
ture, due to adding mi grams of water at ii, tinally fomt-s 
to bo t. Then the exchange of boat is reproscnti'd by thi* 
equation 

(mi + m) fti — t| = mi (t — iil 
or. solving for m 



In pracl.ici- weigh the calorimeter enipi v .■iiid dry. then 
fill about one-third full with watir at a tempenvtu'rc nboul 
fifteen degrees above tlie temperature of ihe nmni and 
weigh again. The difference is m . Ne.\t add water of a 
temperature, about ten degrees Ik-Iow room temperature, 
until the resulting t-emperuture after vigorous stirring is 
ftbout room temperature. The temperature of the cold 
and warm water should be carefully determined, just be- 
fore mixing, by means of a thorraomoter reading lo t'entlis 
of a degree centigrade. The resulting temperature is lo 
be taken only after the thermometer reading ha*. l)ecomp 
constant. Repeat the experiment twice, taking the nu-au 
of the three results as the wat.er-equiiralenl. 

For tho correction due to rafliation see later. 
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KOKM OF RKCORD. 
To determitbe lotUer-eguivaient of a calorimeter. 
Date 



Weifflit of I Vessel with 
vesfiel : water 1st. 



IDt. I tj. ti. 



t ; Vessel with 
I water 2d. 



mi. 



Compari! i-csult with that ohtained by multiplying 
iiuwH of calorimfttfir by specific heat of the metal, as given 
iti Table Vrj. 

Exercbc 33. Specific Heat of Copper. 

The piece of copper whose specific heat is to be deter- 
mined in lieati'd in a brass tube (Fig. 30), which is sur- 



rounded by a steam jacket. 



The copper is hung by a 
tlireatl in the middle of the 
tube and the top is closed 
by means of a cork carry- 
ing a thermometer. The . 
heater MJts upon a wooden 
support having a hole of 
the diameter of the inner 
tube and coinciding with 
it. Upon this support 
slides a board provided 
with a similar hole and so 
arranged that the two holes 
coincide when tlie board is 
pushed in as far as possi- 
f^e- *•■ ble. Immediately under 

the hole in the support is placed tlie calorimeter ho that 
the heated body may be passed directly from the tube 
through the support into tlie cnlorimeter. The sliding 
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board is to shield the calorimeter from heat during the 
heating of the copper. 

In use the dry copper is weighed and hung in place, 
the hole in the support closed by the sliding board and 
^team passed through the jacket until the temperature of 
t;he 'interior becomes constant, ti. This heating usualh' 
Requires about fifteen minutes. Meantime the calorimeter 
with the contained water is carefully weiglied. The tem- 
perature of the water in the calorimeter is then read, U. 
The calorimeter is put in position, the sliding board pushed 
in, and the heated copper dropped gently into the vessel 
beneath. The calorimeter with its coiTtents is then re- 
moved, the water thoroughly stirred and the highest tem- 
perature t, carefully noted. In order to avoid the neces- 
sity of correcting for radiation, it is well to hav(* the tem- 
perature of the water in the calorimeter some 4"" or o^ be- 
low the temperature of tlie room at the beginning of the 
experiment. Apply formula (47). 

FORM OK RKC'OKI). 

Exeerine S-i, To determine the speriflr heat of copper. 

Date 



Mass of 
calorimeter 



Calorimeter mi 
with water. 



m-i 



m 



U 



Specitic heat — 

Exercise 34. Heat of Fusion of Water. 

Water absorbs dc^tinite amounts of heat energy on 

passingfrom tli(* solid to the li(|uid, and from the licpiid to 
gaseous state. Tlie ((uantitic^s of hc^at tluis absorbed are 
termed tlie \wi\t of fusion and th(^ he^at of vaporization. 
The number of calori(»s necessary to change one gram of 
ice at O^C. to wat(M*at ()"(\ is called the heotoffummofwuter. 
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This may l)e moasurcHl in various ways. One of tho simplest 
is by the metliod of mixtures ; i. e., a known mass of ice at 
0°, is added to a definite mass of water at a known tempera- 
tare, and tlie temp(M*ature of the water at tlie end of the 
meltin*; enables us to compute the amount of heat con- 
sumed in melting the ice. 

Thus l(»t m-2 grams of ice at zero, he added to mi grams 
of water at tj, and let the tempiM'ature at the end of the 
melting be t ; also let the water ecpiivalent of the calori- 
meter, stirrer and tliermomettM* be m, and let 1 denote the 
heat of fusion of ice as defined above. Then since the 
water formed by the melting of the* ice must be warm(ul to 
t degrees, we have the heat lost by the calorime r and its 
contents equal to the heat absorbed by the ice and the ice- 
water. Hence 

« 

m-il -r nut ^ (nij -j m) (ti — t) 

from which 

, (m, i m) (t, - t) ^ (49) 

ms 

The apparatus consists of a calorimeter, a thermome- 
ter, and a circular stirrer covennl with wire gauze to kec^p 
the pieces of ic(» uiuhM* water while nielting. Weigh the 
calorimeter, fill nearly full of water at a temperature ti, 
aDout fifteen degr(»(»s abovc^ room temperature and weigli 
again. The dif!'er(Mic(» is the mass of water nii. Break 
clean ice into small pi(»C(»s and add to the wat(»r sufficient 
drif ice to bring the tcMiiperature of tlie calorimc^ter and its 
contents to about fifteen dc^grees below room temperature, 
when all tin* ice is melt(»d. Stir vigorously througliout 
the' operation, read the temperature t, as soon as th(» ice is 
all melted, and weigh the calorimeter and its contents once 
more. The difference between the last two weighings 
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^ives the nuiss of th(» ice nia, that was added. 



FORM O?' RK(M)RD. 



Exerriae -H.. To determine the Iteat offfisUm of water. 

Weighings of calorimeter: Date 

Alone With mi'With ini -f m*i mi m2 m " ti i 



Heat of fusion of water =^ 

Exercise 35. Heat of Vapomatfon of Water at Boflins: Point* 

Tho lieat of vaporization at'fW boiling-point is the 
iiutnhr^r of calories re(|iiired lo cliange one gram of water 
at that K^niperature into steam at the same temperature. 
Conversely if one gram of steam at this temperature be 
condensed into water the same number of calories wilTbe 
liberated. Thus if nij grams of steam at a temperature ta, 
having been conducted into a calorimeter of water e<|uiva- 
l(Mit m, containing nii grams of water at temperatun* ti, 
produce by condensation and cooling, a resultant temp(M*a- 
iwvv t, we may writ<» our equation of heat thus : 

nwL -f nii yX'i — t) -- (mi r m) (t — ti) 

OI* 

, (nil t m)(t — ti) (50) 

Ij =^ - — — \Vi — t). 

m^ 

wlH»r(» L is the heat of vaporization of water. The water 
t»(|uivah»nt m, of the calorimeter, may be found experi- 
mentnllv as before, or by nudtiplying the mass of the cal- 
orim(»t(M- by its specific heat. 

Th(» ([(^termination mav be mad(» bv (^ither of the fol- 
lowing methods : 

la) Steam gen(M*at(»d in a suitabh* tlask is passed 
through a wide tube some lo cms. I(»ng and W cms. wide, 
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I Fig. 31). in wliioli the water from comU'iisiitioii 

Ciiught and retniiieti. From 

till!* it passes directly into tin- 

wntcr in tin- oalorimcter. 

The tmiss of steam condcnst^d 

ni,, is deteriniiu'd from tlie 

increase in weiplit in the 

calorimeter. Tlie t-ahirimetcr 

having heen earefiilly drip<L 

and weighed is tilled nearly 

fuU of water at a temperature 

Slime fifteen i 

again weigliwl. 




»'■>. 31. 



entv degrees helow that of the r<ioni and 
The <iifFerence in weight is nij. After the 
steam passes freely from the vertical tube leading from the 
water trap, tiie cakn-imeter and its contents are brought 
into place and the. steam passed directly into the water 
until its temperature is some fifteen <n- twenty degi-ees 
above the temperature of the room. The water shonid be 
vigorously stirre<l during the condensation. 

The calorimeter is then removed and the stirring con- 
.tinued until the tempeiature reaches a maximum, when 
the reading t. is taken ami recorded. The teniiM'rature l,, 
of the steam entering tlie calorimeter is to !«■ determined 
by taking tlie barometric reading at the time of the experi- 
ment, and referring lo Table VI. A thin! weighing deter- 
iniues the nniss of .steam condensed m^. 

Hinre nit is usually a small mass any I<»ss of waler dm- 
to drops adhering to the e.\it tube from the water trap 
leads to a relatively large error in the mass of steam con- 
dcnited, an<f should be taken into account for accurate 
work. If steam be allowed ta enter the calorimeter too 
rapidly, the rube leading into it is covered on its inner surface 
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pilsscs mid nimlciising t;ivi"i "^^^ "^ - - _;_ - -=?- 
up its liPiW to ^liP Ciiloriiiii'iii- ^"^ "^ 

ixnCt UstruiiU'iitH. Tlif U'liijnM-jiiiiri' iif ilir n.lii wjiu-r ri, is t« 
hf- tiikifii jtisi l>pf(>t'p till- sti'iiin i'ii1i-i-s llir ciiliiririifU'r. 

Stt^iuii i!^ itlliiwi-il Ui \»vi!i ill tiiitil llii- n-siiliiii^ (fill- 
|)i'nuiiri' risc^ jui iiiiich iilmvp riK<m ii'iiiijiTiUiiri' iis tJii- 
iiiiiml lompcnvturi' i>f ilii> wali-r wiis ix'low it. Tin- Hniiic 
is tlirti i-i'iiii>v<'(l iIikI t)ii> iciii))t>nitiiii> t. cafprully ilei^r- 
iniiK-iI. Tlic iiiiiouiii of sti-aiii fotuli-nsoj is fmiml by 
\V"'iyliiiiK til'' sriiiill ri-iiir-i IM-Turp jiiul aflcr tlic cxiii-tiiiu-lll. 
Till- tlitfiTciici* is lilt' msvsH of tlivini cuikIuiisclI tiij. The 
tfmjjeruliirc l^. nf rlu- «tfniii riiliTiiig rln* {-nJorinn'ii-r i» ri» 
Ih- tii'tci'iiiiiifil fniiii iliH hiimnK'tm- ri-iiiliiiji as bi*fkH'u. 



nik.-i 



I'l- 



till' hi*;ii rndt-iK-d li_y iliy 
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nuort and th(» Hanio iiiidcM* it, from reaching tlio calori- 
niot»»r. Stirring shoiiJd be eontinuod after n^moval of tlie 
Hani(» until tlie t(Mnp(M'aturo ceases to rise. 

FORM OF RE(H)RI). 

Exerri.se .iJ. To detenu in^e the heat of caporlzaUon of wafrr. 

Date 

Weight of calorimeter — 

Specific heat of calorimeter - 

Water equivalent m - 

Weight of calorimeter witli water = 

mi ^ 

Weight of retort before experiment =-- 

Weight of retort after experiment — 

nia -- 



mi 



m 



ti 



m-i 



• • • • 



ti 



t 



• • • 



(M)RRK('TION FOR RAOIATIOX. 

In the prec(»ding experiments tlie temperatures w(M*e 
si» chosen as to nMider corrections for radiation and absorb- 
tion unnecessary. In exp(M*inients nKjuiring a gn^ater 
degree of accuracy tliis loss or gain of heat by the calori- 
meter must be taken into ac- 
count. This is best done by 
noting times and tempera- 
tures for an interval of at 
least fivt* minutes before tln^ 
instant at wliich the experi- 
ment proper begins, that is, 
the instant ati, which thc^ ic(s 
st(»am or metal ent(»»'s tlie cal- 



s 

•v. 
( 



t; 



Fl>f. 3:^. 



orimeter. Readings should be taken every twenty sec- 
onds. Plot th(» times is abscissae and the t(Mnp(»ratures as 
ordiuatos, (Fig. 'i^). After the b(»ginning of tlie experi- 
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ment the temperature rapidly rises or falls, and having 
reached a maximum or a minimum it will practically be- 
come a linear function of the time for a few minutes, 
showing the rate of radiation or* absorption. Produce 
this straight line backward to the axis. The point of 
intersection gives us with sufficient accuracy the tempera- 
ture, which we should have obtained if there had been 
neither radiation nor absorption. 



CHAPTER Vn. 

MEASUREMENTS IN SOUND. 

Exercise 36« Velocity of Sound 2n Metak. (Kundt's Method) 

A brass rod held firmly clamped at its middle point 
when stroked with a rosined cloth vibrates longitudinally 
like the air in an open organ pipe when sounding its 
fundamental tone. The middle of the rod being rigidly 
fixed is obviously a node, and the length of the rod is 
therefore the half wave-Ungth in brans of the Hound produced. 
If the end of the rod be brought into contact with an en- 
closed column of air whose length may be varied at will, 
it is possible so to adjust the length of the air column as 
to render it capable of vibrating in unison with the rod. 
In this case the enclosed air column having been thrown 
into stationary vibration behaves as a resonator closed at 
both ends ; it must therefore contain at least one, and 

usually contains a number of half wav^t-length^ - , of the 

Hound in air, produc(Ml by the rod. From the fundamental 
equation connecting velocity, frequency and wave-length, 
we have 
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,1 - Y _. V . (51) 

L 1 ■ 

where V, v, L, and 1 denote the velocities and wave-lengths 
of the same sound in brass and in air respectively. Fi'om 
this we have at once 

\ - V . -j 

where v, the veU>city of sound in air must be corrected for 
temperature according to the formula. 

vt ^ v^i/(rT«U t (52) 

wliere a for air at ordinary luimidity, muv be taken as 0.004. 
In practice a brass rod about one centimeter in diame- 
ter and one meter long is chimped in a vise at its middh* 
point and bears at one end a small disk of paper. A glass 
tube about 5 cms. in diameter and 150 cms. long (Fig. 34), 



c 









Hjr. 3<. 

has one end closed air-tii'lit bv a sheet of rubl)er mem- 
brane ti(»d smoothlv over tin* end, while the other end is 
furnish(»d with an adjustable pistf>n sliding freely in the 
tube. The walls of the tube are lightly dusted tliroughout 
with tine cork tilings or amorphous silica. The tube is 
l)laced horizontally upon two V shaped wooden supports 
so that th(» rubber membrain* presses lightly against the 
disk of stiff paper on tlie end of tlie rod. The rod is set in 
vibration by chafing it gently witli a piece of cloth or 
chamois skin coven^d with powdered resin. Th(» cloth or 
chamois skin should he held b(»tween the thumb and fore 
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tinker of oacli hand and pressed tightly against ejich side ' 
of the rod. When th(» rod is ])rop(»rly clamped a very slight 
pressure is sufHcient to proiluce a loud clear tone. Adjust 
the piston in the outer end of the tuhe until tlie enclosed air 
vibrates freely on stroking the rod. This is indicated by 
the powder being toss(»d about in the tube and falling in 
the cliaract(*ristic figures shown above. Th(» nodes are 
indicated by small rings of powder and tlie an tin odes by 

transv(^rse lavers or striae. The value of ., is found bv 

measuring over a number of circles from center to center, 
ami dividing the distance by the number of spaces or 
loops measured, r(*meml)ering that the distance from node 

(o node isecjual to -^ , It will be noticed that a node is 

found l)oth at tlie rubber diaphragm and at th(^ j)iston. 
Why? 

Measure over as large a number of loops as possible* 

and comi)ute ^^ . Taj) tln^ tubc^ lightly, rolling it over and 

over until the powder is evenly distributed, and n^peat the 
determination. Take at least five separate s(»ts of meas- 
un»ments. Avoid heating the rod i)v undue pressure or by 
continiKul rui)bing. 

FORM OK RKCOHl). 

Exercise -iH. 7V> defertttlne the vehH-itij of sound in brnss. 



Teniperature 

X umber of loops} 
between nofU»s 



Leng-th of rod... 



Date 



Distance. 



1 



Mean 



I. 
•> 

L 

1 



Velocity of sound in brass* 
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:ise 37« Compotatfoa of Youngs Modtiltis. 

From th<- (Mju«vti«Hi for tlu* V(4<K*ity of soiimf hi any 



V ^ 



ivIkmv c is tfr<^ nwttic'ipiit of (>ljfstirftr. aruT <I fht' density of 
tlip uKHliiini in (jiiestion, we may compute c» ;it once from 
the data <Fl>tjiined hi pivyious e.\:]>(Mnmenls, In t]>e case of 
longitudinal waves transmitt^ul tlirougb solids the coeffi- 
ci(»nt of (elasticity involved ij* M, YcnmgV ukkIuIus, 

whence M -- V'd , 

FORM i>F KKOOKI), 

Kret'c'tHe ./?. To n>fff/m(4' You)i{fi* nnf((u(uH ftrr hnMn from 
rei'W'ity of mnunl oud de unify. 

Date 

V as found in Kxercise 3H ■■■■ 

l> H - 

M 

(/<»inpan' resuh with tliaf ohtaincnl in Exercise HI. 

Exercise 3& Ratmsf a Tuning: Fork. Graphical Methods 

A tuning fork, one prong of wliich is armed with a fine 
sharj) tip of Hexihle sheet copjier, is mounted at right 
angles to a metallic cylin<ler. Th<» cylinder is carried 
upon an axis furnislicd with a thn»ad so that when rotated 
it is advanced longitudinally at the sam(» time, so that 
the tracing point gcin^rates a spiral upon the surface of the 
cylind(M\ If the surfac<' of the cylinder he slightly smoked, 
the tuning fork s(M in vibration and thc» cylinder rotated 
uniformly the tracing point d(»scribes a sinusoidal curve 
upon its surface*. The niimi)er of vibrations ex<'cuted in a 
second beinir thus automatically recorded l)v the fork, it i« 
only ne(c»ssarv to indicate the beginning of the successive* 
seconds upon the curve in order to n^ad the vibration 
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froquencv rtf tlio fork directly from tlio surface* of tho 
cylinder. 

In practico the c\iind<»r is covered with w slieet of 
firm sniwith piiper piist^d smoothly on by gumming one 
t?nd of tJie i>aper and pi^essing ^hv otht^r ujxm tlie fjiimmed 
surfjvce, TMe jKtitn' viwit jM>t Ite Mitck uinm tk4* i^fflimler. The 
paper is tlieii smokinl uniformly and lij^litly by means of a 
gas flianie pjissed buck and forth n<*ar th<» paper wliile the 
cylinder is continuously i^tated, allowinji^ only about an 
inch of the tij) of tlie fljime to t4)ucli the i)ai>f»r. 

Care should be taken not tt» smoke the i)aper too 
black. The fork is then adjustiHl in its holiler so that the 
point just touches the pai)er at the hijjliest i)art of the 
cylinder and at tlie h»ft end of the cvlindiM' so that when 
the latter is rotateil tln^ fork seems to move from left to 
right along the cylinder. The cylhtder wujft n>tut4' fmtn the 
tracing iH)hit. The time intervals ai*e recorded upon the 
pai)er by connecting the cylinder and the fork to th<» 
secondary terminals of an induction coil, the primary cir- 
cuit of which contains a suitable batterv and is closed bv a 
pendulum beating seconds. Consequently when the tracing 
point rests upon the ])aper and the coil is put in action a 
r\ f\ r\ r\ spark passes from 

'\Pjy\/\A/VVV\/WW th. point to th. 

Fig. 3&. • c V 1 i n d V r each 

time the circuit is dosed, i. e., ev<'rv second. The passage 
of this spark heaves a small s|)ot on the smoked surface 
thus marking the time very accurately. The appearanc^e of 
the sparks should l>e like that shown in Fig. *i5. 

Sometimes th(» coil will give* two or tlin»e sparks in- 
stead of one. ( Why?} In this case read froi/t the ^tirnt one. 
The fork should be so a<ljusted that wIkmi the point touches 
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tiiO paper iiml tlie fork is properly lx)wed it will eimtiiiue 
to vibrate for at least twelve soeonds Ix^fore coming to rest. 
Wlien all th(^ adjustments are made the coil is put in 
action, the fork bowed and the cvlinder rotated uniformlv 
while the fork continues to vibrate. The fork is then 
bowed again and the cylinder rotated as b(^fore. When 
the J3aper is tilled the fork is removed, the ixtper rut aloii{f 
the Utp, parallel to the axis of the cvlinder almost but not 
(piite apart : the cylind<»r is then turned over and the 
pai)er broken loose. In tl)is way only can the paper be 
removed from the cylinder without spoiling the record. 
The paper is then passed, face upwards, through a fix- 
ing solution of shellac in alcohol and then dricMl. In a 
f(*w minutes the curve is readv to be examin«Ml. Count the 
waves for t<Mi seconds and record. In counting tin* waves 
alwavs take an I'VtMi number of s<»conds. 

FORM OF KKCORI). 

Hrvrrixe 4S. Vo flelerntine tht\fre</ne}f('f/ af tt ffutht{/ fork tjtj 

thr {/ntfthf'rfii nietfuut. 

Date 

Seromls. : Number of Vibmtions. : X 



CHAPTER Vin. 

ELECTRICAL MEASUREMENTS. 

Units and Standards. * 
{in fieKfitunce. 

Tilt' in-jiftical unit of resistance is tlic utim. h is 
r<'prpsom('il bj' tiie resistance offered to au uiivaryiiig cur- 
rent by a column of mercury at the tern per atuit! of 
of melting ice, 14.4521 {:;rams in mass, of a constant cross- 
sectional area and of lengtli lOti.U centimeters. 

For pnietical purposes standard olims and multiples 
of the ohm are made of coils of wire, usually of some alloj" 

whose resistance varies but little with 

the temperature, and which lias a small 

t liermo-electromotive 

force against copper, 

mounted in suitable i)ro- 

tective cases. When 
vig. a,i. thes<i coils have been 

carefully adjusted bj- comparison with the 
original standard, they are issued by 
bureaus of weights and measures anil serve '■'^- ■ 

lis legal standards of resistance. See Kigs. 'Mi and 3' 

• With ihe uxcuplion of the volt, the imiio hereinafter de 
were Mlo|it«{l by the International Electrical Con^'reiiH at Chii 
IIJ03, and are frequently referred to aa "internal iooal units." 
daOnillon of the volt, see yiage 111. 




fl 
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For iiiiiinaiy ineiisui-fiiifiits, rr-iistdiH-i- Ixixr-s onnti 
iiig a num!>er of coils of itiHtilntpd wiiv, winmrf tin ItobbinH 
iioii-inductivply,* lire in gencnil uw. TIh' top nf tlic box 
coiitftiniiig llii- cimIh is iisuoUy of flwuiin- 
and carripH on its upper fiupfncp n minilicr 
of lieav.v bnisa blocks soiirniiigcd titiit niii- 
lipctioii Iwiwpfii adjivcpiil Mofifcs mav Iw 
made by moans of plugx inseru-d Ix'twfcn 
them. Tlip cndM <if tli.> spparatf mils (Kin, :{8|, jirr- fast- 
eni'd w tlip pikN of iidjacpiit blocks, bo tbiil wbpii iinv pluj; 
is romori'd ibc lurrt'iii pauses from niic bl(M'k lo ibe nest 
hv passidf; tlmuigh the coiiiipcting eoil. In iIiik why any 
rt'sintnnce may Ik- added bv n-inoviiig tbe pi-oix-r plug!«. 

Wlicn ilip plug is inserted tlu' eiirti^ni pnnsen from 
bbjfk ii> bbM'k ihniugh ibe ping itself, the ivsistaiice uf 
wbicb must of eourse !«• negligiliie. On tbis iwciKnii tJii- 
plugtt must lit nccurat'ely and )h' kept l>rigbt and clean, 
llU' elioiiite must at nil limes be kepi free from dust or 
lilotHturennd nfvi- lit tilfoivd to ntuvl in tlw mm, as the el>onilc 
disintegrates slowly under llie aetiori of sunligbt . a eon- 
diirting layer of sulphur forms on ilie surface of ihe ebou- 
ile and the eftieiem-y of the eoils is imiiari'd. fbe pltlgK 
Hitould at all rirnes Ije luiiidled by tbeii- hai'il rubber tops, 
iXvy sbould l>e inserted with a gentle twisting mo[i«iit, imii 
hIuiuM nil l}f UxHieitetl hrfurr the Ihkt it ivtiirnnl 'ijfei' nut. 

Previinis to the adoption of the idim various nthcr 



* TWD melhodit uf noniiiduutive winding urc attvd; in the nao mim- 
t1l9 mqiilred length of wire im nieamircd off, deiil>1<.-i1 ii[>oti ll»elf AOJ 
then woiiud, hu duubli'd. iiputi the s|io<il. In tht- sr-i-ctml mi-KjiMj llic wire 
\» wound in one dirui'tion nnlj \n cm-h In.ver, liui. in i>|iy<iNit<' dlri^utiuati 
Id <MOBi*t;uUvi> layers. By tlil't luflhud Vhp uKpiuoil.y iiT llii: itiil, whlab 
Hy Ibc flrat mothod muy hn quite iip|>re['iit>ile. ei>)»-iTliilly in ifiUs of hlfrh 
re)it«i«nco. in mui'li r«iiii<-ed. (ch&iH-i-onl. 
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of n-NisMiiiiT MiTe I'liiployetl and n"*isiiiiK'i' boxes 
rpprespiiliiiji tlicse onriiiT standiinlH arc fn^qiipnilv iiipt in 
tiructict?. Tlie mctst (-mnmoii are the "Briiisli Aj'sofiatioii 
I I'lilt," i)roi>o«ed liy ilie BrUwh Association in 18R4, and 
, the "l<*gal tilim" iidoptwl at tlip Pari« (.'nngres!* in 1S84, 
Tlic relntion l»'tween (lio olmi and tlies? uiilUifl as folIowK : 
1 olim = I.OISoH B. A. nuils = l.lKl-iH lejral uliras 
I B. A. unit - ».9««6 uliiH. 
1 |,.jr„| ,.i,Mi = 0.9972 olim. 
Ill re|mriiiij; work in iiieasuvpinpiitft of resistance the 
Httlilent xhonld uliitt exiidcUlj/ whirh uutUi knife lifeti iiMfd. 

T!fO iiTMi rhetfstat, (Fig. 39), is used for jiii unknown 
re«i9tanre i>f eitlier fixed or vjirinlde value, 
and is usuallv (MUployed in work with currentu 
exceudinfj 0.1 ampere. 

Tlie ends of tlie lead wirew ronnecting the 
different inHtniments should be briglit and 
clean and claraped firmly by the liinding 
posts, since loose connt>eliori.o otfiT hi^h and 

The pnictical unit of curriiit is llie nnipL-re. The a 
[ perc is represented sntticieiitly well for pmeticai pur|>o»e4 I 
\ bv "the iinVarj'ing i-unvnt %vliieh will deposit silver from ' 
I wlrpr nitniH' at the rate of tl.llOllIS gniins per second." 

(«) KlertrttmutUv fiinf. 

The practical nnit of electromotive force is the volt. 
I The volt is the olectiijmotivc force which steadily applied 
,1a a conductor whose resistance i« one ohm will prcMluce a 
\ i-urren) of fiinp.iv. The (.'lark i-ell is chiefly used as 
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E, - l.4a:i - o.o()i'2 (t - In) volts • hk .«. 

The le^ftl form of rhis cell is iint portiiljlr imd suH'rrs tliu 
iidilitmnal (lifiiKlvantnfie of n slifjht lag in llifi K. M. F.. 
-imv tlu- (leiisitv of tin- solution luljuwlK itwclf to a new 
tf-mpenitinv Inn slowly, sniiie tiliiP licing required for llu- 
zWw sulplmttf cr;vstnl» to dissolve or to crystallixp out. 

An exopllein secondaiy »tandar<.l is tlie Carliiiri-t,'liii'k 
c-oll, (Kig. 41 \. whk'li iH portablff and avoids the ipmiJera- 
tiMV laf; in llic K. M, F. by t>uturutitig the 
/.inr Muiphat't' sohition at n-(\ In lliis raw 
tilt' Solution is not satunited al nrdhuiry 
[cmjM'raiiirps and lipnce no lag of K. M. K. 
Ix'liini] the ti-nipcratiirt" occurs, lis K, M. F. 
is givpri liy till' fiiruuila 



K, 



1.440 — O.OOIlod (I 
ttiriiMit is thus one liii 



ir.l 1 
f tii.-U 



i.iis. 
u! the 



Tlie temperature 

•Tho vrtluc lUlaiiU'ri by Cnn^i-cMt for ilic V.. M. F. tif ilif I lurk Ciill 
ii 1.4.14 jntftrnitional volu insLead ot 1. 4113 voltn, Bt-ueni 1riv<'-<ti^aUwtui 
(Cfirhnrt, Ph>«. ti.'v. Vol. 12, p. !:;», !(K)1) bIiow liowi-vcr tbot iho vkIha 
ffiven kbiivr ^i-enis [o hi' more Dear]>' correct. The value a»rA In Oor^ 
nMin; i" Ris l.432« vi '■ 
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Clurk itU. a ( 'II ihm-lt 1,1,1: relJ «*»»*/ ,(f(v»- /*- j,ii3 ..,. ti f/imi-ii 

WtTNlV. WIiv? 

A new staiiiliifil "f K. M. 1'. lijis liprii pnipiwcd liy 
M'l-xltui ill wliirh (lie /.In<- iiikI kmh- siilpliatr soltititlti of tlin 
<'lli)i: Ci'll JUT r-('f>|jHn-il liy iiwliiiiiiin and ^-x^liiiilliii siilfidftf.f. 
Itf E. M- !•", is yivi'ii In tl»' formula 

!■:€ - l.niKIl - It.lMMKM It - 201 volts. 

StiMiilnnl cells my tiscil in all i-jim'* wlieii- it is tirces- 
wiry to dele rn line ilir alisuluii' xaiw of an K. M. F. or of a 
p0iwiti«l diffi'ivTirc, 

In mitiiy ciisi-s Ituwivi-r, wo wi.sli simnly l« 
rompiirc dvtlpctiiiii-s of n j^iilvaiHiim'lor. In othrrs tlip 
coi)(lj(i<Mi-i iiiiiy In- sii rliitscii tlmt rm current pa»»t<!« 
throngli rill- ^:alvnlllllllt>tt>r. Such n iiiptiiod is turmoil n 
jstTo mt-flifi'l. In t>x)>priinfTits (»rnj)Ioniig tlir zcr<i mothod 
the Leclfiiiclie haitcrv iiinv bv iisM, Wheiv steadv lieHpc- 



lion* nrc r 

tire forcv i 

Dmti>-ll <-l 

To s-i 



iiistimt vli'ct roino- 
p riiav use fither ii 






Huiri'd however, a cell 
iiccesHaiy. In such ii 

'ir » si.»)riitf(> iiiittfrv. 

ii]! a DiMiicll I"'!!, i Fi^;. -I'ii. Hi-st fill the ]>oroti» 
eii|) eontniiiing the iuiialg;nuatp<l zinc, 
or negative eh-etriKte, two-thirds full of 
:tiiir stilpliate f<oliitioii and wait until 
tlip solution iH-gins to inoistpn ihe oiit- 
Hide of tlip rii[>, before placing the cup 
in thi' ghiss jar eontniiting the cupper, 
111- positive elecii-ode , and the copper 
•'ulphaie solution. In order to avoid 
changes in the internal i-psistaiicc dur- 
I it is well III slu>ri ciivtiii the cell for 



t»a luinofj' liefore i 



ri-f fjnfrc'TJifrAn siKAsmmrfr^rrs' 

After use th(* rell imist he taken Jipscrt^ tfie ziiir 
?^ul|?linle jK>ure<l Iwut*k into its fKxttle^ (lie porDiis vu]p 
ihonnrj^iK wns^hed ami tJf^ zinr ruNml cfetm. Copper oxide^ 
is iisiiaHv ffep^Tsi^Hl on i^he zinr a?* a black filiiu TTifs may 
ivp readily iiil>l)ed off wliile it is moist, Fnif if it be allwve<F 
lo (In- it adheres firmly and ren'Jers it rfitfioiiJt to a^malga- 
n?at(* the ziiu* n^aiii. The K. M. F, of a Daniell eell i* 
abotil 1.1 vohs- and thi» vaiue niav hr useil in all eases, 
where f^iTrjit aeruracy in nol recjuired. 

When if eon!*tanf K. M, F. iff min'r than fHu* volt is^ 
re(|uired, a nfarai^^ hntftrij ( K . - 2.2 roltsiniay brenipln3e<L 
(hi jiecmurt of the very low internal renislance of a storajic^- 
t)attei'y <^reat rare niu?*t Ih» exereis<»ff to ?iv<fi<I short eireiiit- 
u\^ tlT(» cell. TIi(» sludent usini^ a >^.onigi» battery s^houhl 
nlwaifH leave ntte ft/ the eiedrtxlrx (fiHi^nntefieff until the» in- 
striu'tor has' s<i»n and a]>pr(>v(^l <>r the aninjjeinent t^f th«* 
apparatus. 

The |)raitica) unit of cjuantity is the couhmil), Tlie- 
coiiKmib is the (luansitv of eleetrieitv transf(»rr<'^l bv m eur- 

I • • • • 

rent of onc^ anij^'re \\\ on<' sec4>nd. 

The (iraetiral unit of ea|)aeity is the farad. Tlie fara<l 
is the ('a|>aeity of a e4>ndenser whieh isi ehar^^iul to a 
potential of one volt by a (piantity of one roiilomh. The 
microfara<l lO'^' farad, is ('oninir)nlv used as the mca^sure 

m 

of capacity. S(H*«)nfla!'v standards of caj)acfty are m^rde in. 
the fcn'm of condensers witli solid dielectrics. A large 
nunilxM' of sheets of tin foil interleaved with riiica or 
paraffin are placed in a bath of nnOted paraffin, in a 
vacuum clunnber to rrnuive air bul)l)les, and allowed to 



KIT.! Tit n A] . MKASrttf.MKyiS 




fitrniinjr 
3»tjbdi 

iFig. 4:{). 3IS ii nTiiiiiiiii. pi^riT^n— r^"--!^!-^ 

4imliUvi.liu«.l«- lw^-es(^f O (Jf UlQ^lJy [Jy9 

i\\\' iillivr sft iiKd soitiP i p» t: t T ^ 

jiuinlit'r of alivisitins <<u-li pir.b. " 

«if vliicb is <ytiiiiwt(»d m a separiup bar wliicii in iiini tniiv 
J»f ft#iiiu-<'ftTi l« a si»f(Hicl Jiiiidiiig (nisi l»\- taiijui!i of a pluK> 
WliPB anr divisiiMi is ii> 1»p ikp(1 iJn' jilug is insprif^l ft»r 
l-liat tUvisioii. 

if) Ni^iirlurtr'Jfv- 

Tlic iinu'lifiU unit ut st'irintliwtiHlKf is tin- ]iv)irv\ A 
Itftirv iM tlio ><rltii>ilu<'rxn(i- in ilifcirriiit wlifii t]i<^ K. M. Ki 
■ volt, wlult' tlif inducing* 

Thf usuftlformof M'ir. 
iinhictiincf I Fij:. 44), wn- 
sifiLi uf iwti cnils in wfrii-s. 
imr (ixc-il Hlid till* ((tlipp 
ni<ivAliii> jiJkhh h iliiiint'ti^r 
of tlir lixcd coil .-itt »n nxiit. 
Till- nioviildr vml may In* 
louinvi tlirotijili l«()^nndin 
this WHY the st'lf inductance 
nitiy Ite vuriinl roDHidcDihly. 
'I'lic inKtnnnfiit in ciilihrAt* 
"-"■ -d ■■mi.in.ally, Th.' v.n\> 

wood, ami inPinl in, ko far as |iosHi)dc, i-n- 




IW 
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Instruments. 

K'KV!*. 

[rr rtii'^l' U>ftv^ of npiKii-iitii."' fur rriiitiiif; cli'rrrirfil 
mi'[u«in-eiiifnts, ii is neccswirj Ki siMow the cttm'ni H> pn.s« 
rhrmigli ifn* iiicitsiiritt^ tiiittruin<>til fiirlnrt it sfiort sptirc of 
lime- Kf.V!* an- r'"'VHlc<l f<>i' ihi- piirptiNP tif rlosing niiit 
oj)piiirT^ iln* circuit us mnv Ix- dcsiiTil. Tlic onrmiirv Itcy 
is so iirniii;p'(I ilirtf when |m>sswl ilo^vn. iiMiliut i» nintlc 
lietwecii two plmiiiirui pnirits nnt\ \hv ritTiiit is rltrxp*). On 
rp|p!tsing ifii' kcv ilic ciivtiii ii* tipfnoW. K'T cloned cimiii 
work, plit"; k"y'* DC knifi- •iwid-hcH xr vnrioii-; fi>rmf m-i* 



(liivi;tioi> nf 
l(i!S» «if lime. 



If! wiirk wiilr (In- \Vlii-iilstu!ii''s Iiriiltp- it i« td-iTswiu-y 
r<i ciiiHC iIh- ciiviiit ilinxi^h iltc ;;iilviiiniiiicir>r. "/'fr itip 
ciinvnt ill ilic iiriiis of rlic hnrigc li.-in i-fiichctl n cunwlitni 
I'filtic, For- ihif pur-piTsc ii ilottrili- kcv is pi-DviilM. in 
whicli tlir (*«i«iu't^ fur llic cirfiiil thnrtifrli ihi- liiHilgc Jiniis. 
7tii(I tliiil t))ii)ii^Ii tliP (pitviinmnclcr hit n\ath"*»ii-rKi'ii-<-ly in 
ill ilic order meiitioncil. Siidi n k<*y is termed n «wci*«"ftv* 

li is fTi'tpiciHly iieccswn'v to ivvei>ii' 
tlte rurri'nt. tliroiif;)! iiii iiif*truiiii'Til wiili 
This is iiKwi cuiivenieiuly frt'eclnl 
by meanB of the Piihl's eoinmiiuiior 
(Fig, 45). Thi* consists of four 
Clips roiUHiiiiiig iiiciTiiry comiectcfl 
by cross wires ns itidiciLiet) in tlir 
H;Hiiv, ami ii Iig1« frame of win-f* by 
whicli two oiiitT Clip" iit the eiiil of 
ill coiinectioii with rlic pair of cups . 
•'oiit;(!e of current be coiiiicetcil to the piiir 
III Ihc .-luU of the t.lnck. iin.l llx- ^:ilv:uio 



■♦ 



block iiiiiy be put 

iiher side. If the 

f binding pUMtx 

ictii- to liie two 
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Hndint; JKWU on pitluT side, thf oiirrpiit is passed throiigli 
the iiiHtniiiiPiU. in oni? direction ov ilip oilipr by tilting the 
frame fi-oiii side Ut sidti. 

All mercury contacts slionld l>p kept clonn and should 
liftvi- llic ends of tllp niftal dipping into tlie mt>riniry W<'II 
xnialganiatL'd. 

IJ.VI.VASOMKTKHS. 

Thp spiice id)MUt. i\ rnagnpi or about a wire carryiiig a 
rnrrent of plpciricity is civllpd a maffnetu\tiebi. Such a field 
ift fonrcivi'd to he (illpd with liiips of magnetic stress or 
lines of magnetic force. Tlie direction of these lines is 
UHMumed to be the <lirpclitni along whicli a free north seek- 
ing pole would tend to niove. The lines of magnetic force 
are said to run out from tlie north pole of a magnet, curve 
round through tlie air and reenter the iiiagnel at the sonih 
pole. In the case of a wire cnrrying an electrical current 
tht linen of force are concentric circles surrounding the 
wire. At any point distant r from a straight conductor in 
willed a current is flowing, tjie strength of the magnetic 
field due to the current is directly proportional to the cnr- 
l-ent and inversely proportional to the pert)endicular dis- 
tance betwpen the conductor and the point. 

Whenever two magnetic fields are brought npar to 
wach other there arises a stress between them, tending t'l 
tarn the fields into such a position that they will mutually 
include the greatest number of lines of force. Obviously 
ihe moment of this stress will be great(i?t witen the two 
aystcms of lines of force stand at right angles to cju-h 
Otber. This is the position adopted in galvanometers and 
olectro-dynamomctprs. In instruments designed to menH- 
tire currents, at least one of the magnetic fields must arise 
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rriiiu llii' (runvtit MiJwiiig rhrougli !i coil nf win* iirnl luitr^ 
inuat Tivry hm tlic »ireiiptii of tlif ciirrcni. Tin- (rtlicr iniiff 
ii«tic field may lie produced I>v a iiei'maiieiil nuifjiu'l iw ill 
the giilviimjim-ti"'. nr by i\ second eoil citrniug n etin-enl, 
as in tlie electiM-dynamoiiiciii*, One of the iiiu^fiieiii- 
fields iiiufi l)p eapiilile of roiaiinii. (tnlvJUioiiii'ter:» inav 
he dovuled iiHo »wo cln»>ir» : * 

((/) finli'aiiomrfpiv with ttnliii/icru i-iiil cii'l nmni'ilr- MyHtrm 

iif iiiiigttei»: needle type; iKi^. 

-liil. 

{h) thUaiuiimeierti tvith hIh- 

fiitiiiii'ti niagjKtH awl iniiruiili- 

•■oil: O'Arsonval type. ( l''ij:s, 

47 and 481.' 

Ill all iiieiwiiriiig insiru- 

menis the deflecting moment I 

due lulhe CuiTenlVi* be mejis- 

II ivd, must lip balanced ajini list ku. «. 

II reshiring or directing niomenl whrcli l(Midi« 
til resture the system lo its, original position. When ih(* 
system rhuR filllijeeled to theni-lion of two iitornenl!«, (.-Oini'A 
to nwt we know ihal the moments of the lieflectitig »atl 
restoring forces are eipial and op[ji>sitv in direction. The 
angU' of dellectii»ti I;* <leterniilie<l in one of spveral ways 
and the eiirn>iit determined iis n function of this Hnglp. 
The directing force may be due r<i rhe itclion of an indo- 
pcndfiit niftgiietic Held upon the tiioviible nuignetic iw>i>dlp, 
or to the lorsioniil moinenl of tile i-u^peiiding Wire. 

The .sciisilivenes!. of a galvanometer inny be iiuTcaswl 
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\iy driTcnsing tho <liiTCting or restoring foiro. In tlie 
iiniatic gtili\tuoweter x\w niovin|^ system is composed of two 
niiignets or syst(Mns of maj^nets of nearly (*qual strengtli 
place<l one al)ove the other with poles opi)osed. One of 
the needles is ))lae<'d within a coil, the other needle either 
outside, or better still enclosed in a second coil through' 
which the current Hows in the opi)osite dii^ection. In this 
wiiy the magnetic moment of the system with respect to 
the earth's field is gr(»atly reduced. 

On the other hand a magnet placed under or ov(^r a 
movable magnetic nec^lle may be made to exert aiiy de- 
sired directive forct*. Such a magnet is termed a controll- 
iHg magnet. Some very sensitive galvanometers employ 
lM)th an astatic svskmu and a controlling magnet. 

MKTHODS OK OBSERVATION. 

•In some instruments the moving svstem is furnished 
with a light pointer i)laying over a sch1<», but in the more* 
sensitive galvanometers the deflections are observed by 
means of a mirror attached to the moving system. This 
mirror may \w either concave or plane. In the first c^ise 
un illiiminiited slit is focussed by the mirror upon a semi- 
transparent scale and the deflections are read directly from 
the scale. In the second cas(» a telescope is employe<l to 
view the image nf a scale reflected in a plane mirror. 
Both m(»tho(is ar<» in common use. 

The D'Arsonval galvanometer^ ^'Figs. 47-48), is mon* 
convenient for ordinary m(»asurements. The damping 
effect is very large and th<» (roil may be brought to rest 
almost at once by short circuiting the galvanometer. Why 
is this? The instrument is also practically independent 
of the surrounding magnetic field and is conse<juently fne 
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frmn di.tl iii-bsnces aming from vnrialio 
of this field, wliich often prnv*- verv 
li-oublesomt- ill i;nlviinomeK>rs i)f ilir 
oeodlp ivpf. Tlif D'ArKonval {ralviiii- 
onieter liait t1if> luldiiional advaiiiagp 
(hat il idrtv be placed in i\n\ tK>5itiiMi, 
while iustrumeius of t\w needle ly^ 
raust be sel so as lo have tbe plane of 
the coil« in the magnetic meridian. 
The necdlp lyiw however \\a» usually 
greater sensitivttne-ts, aUhoiigli the 
D'Arsonval t;Vpp is sufticientiy wnsitivt- 
for most purposes. 



in the intensity 

4, 




It freipnruly liapiMMis that llie ctinv ril t<» Iw measured 
will produce a detiection too gifal iii be oljserved. or in 
Mome L'ast'H it may even t-iultinger the in^^trumeiit itnelf. 
In such cases we may reduce the curn-nt Howiiig through 
the gaivanimeter by meann of a resistance connected in 
parallel with it. This resistance is called a shut. Let g 
1h! the r'-sistance of the galvnuomi'ter. s that cif the shunt. 

then the resistance of the two circuit** in parallel is --— , 

and by Ohm's law, if I denote the total current and I^ the 
current through the galvanometer, we have 



.■Ih.-ciir-reiir L 



I i.hi' jiiilvniK'nicirr, then 
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tr - j^ tr -X~ g 

tlicMotal ciirrcMit is L. '^ '; wlioro tl)e factor is 

*^ s s 

called the nndtiplijiN(/ j)(ncer of the Hhtotf. L(»t the galvan- 
ometer resistance he n times that of the sliunt, (g = ns), 

n 1 

then tlie multiplying j)()\ver is — - — . If n be 9, 99 or 

999, the corn\spon(liiig valines of tht* multiplying power 
are 10, 100, and 1000. Th(^ makers frequently furniKh 
with the galvanometcM* shunt-boxes containing resistances 
equal to 1/9, 1/99, and 1/999 of that of the galvanometer, 
in which case the obs(»rveil current l^ , is equal to 0.1 , 0.01 
or 0.001 I. 

Exercise 39* To Calibrate a Galvanometer by means of 
Ohm^s law* 

The obj<'ct of this e.vpcrinnMit is to dc^tcM'ininc whether 
the deflections of a galvanometer are |)roj)ortional to the 
current flowing through it, or if that is not the ctise, to 
ascertain how the dt^tlections varv with the curnMit. To 
obtain currents which stand in a <lefinite relation to (»ach 
other we apj)ly Olim's law, by connecting the terminals of 
tin* galvanonu^ter to ditterent points of a circuit through 
a which a nni^fant cnrrtntt is Ho wing. Then the potential 
difference, P. I)., betw(»en the extn^nities of a resistance 
r, through which a (uirrent i is Mowing, is (»qual to ir, and 
this |)ot(Mitial diif'erenc<* causes tin* current through the 
g'lN'anometer producing the observ<»(l d(»tlection. 

The simi)lest arrangc^ment is to use a batt(M'y of con- 
stant K. M. F.* and to s<Mid the current through a straight 



* Che stuilt^nt may observe as a irenerul rule, that a battery of con- 
8tant K. M. B\ is always to be used where const axt deflections are 
to bj obtjuined while ordinary cells may l)e employed for zero methods 
or balliHti(* niethods. 



wire^ xs for (^xamplcy tl>e wire of a slide wire bridge^ ( Fig". 
49>, and coiinoct the galvanometer to two points ^ P aiul 
Ay cni tlris wire^ wliere A tlenotes the position of the con- 
tact nraker. Since the cuirent tlireugh the wire must 
remain constant^ no matter wliere the galvanometer is at- 
tached, it is evident that the galvanometer should have a 
n^'v higir resistance a<? compared with that of the wire. 
Kxplain this. Tlie resistance of the wire of a slide wire 
fyridge is usually alx>ut 0.2 of an ohm. If the galvanome- 
ter resTstanee is less than 
2000 ohms, a resistance box 



^x 



6 -"^ 



Ka, with sutKcifMit resistance jp^ jfel 

to bring the n\sistanceof the ^ ^^*-^x J 

galvanometer up to 2000 * — ^-1 ^O^u 

ohms, should l)t» j>ut in Si'ries ***• ^^' 

with it. The resistance lx)x Ri is inserted in the batterv 
circuit in order to reduce the potential difference lx>tween 
P and A to a value such that with the maximum length of 
wire used in the (»xpenment the deflections of the galvan- 
ometer will still Ih' on the scale. 

Move th<' point A, an ordiiiaiy contact nniker, along 
th(» wire bv stei>s of r> cms., from o to Ho cms. on the scale 
and ol>serv(^ th(» successive d(»fl(»ctions of the galvanometer. 
Next ri» verse the batterv current and repeat the ob^^erva- 
tions. The m(*an of tlu* deflections and the corresjxMiding 
lengths iM'tween P and A are plotted. The resulting curve 
will b(^ a straight lint*, if the deflections of the galvanome- 
ter are proportional to the current flowing through it. 
What j)rinciple besides ()hm*s law has been applied in this 
<*xj)eriinent? 
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FORM OF RECORD. 



Exercise -UK To calibrate a galvanometer h$ meann r*/ 
Ohins law. 



Cralvanometer Na 

Resistance boxes Ri 



L.enj;th PA 



Deflection a. 



R4 

Deflection b. 



Date' -^ 

Room No. .. 
Mean Deflt^cCion. 




R 



MIlP 



Excrcbe 40* To Detefmine the Rgore of Merh of a Galvan-^ 
otnctcr* 

The figure of merit f, of a galvanometer is tlint cur- 
r rent which wili produce \\ deflection 

of one scale division. In ease the 
scale is movable the distance of the 
scale from the mirror must he speci- 
fied. This exercise furnishes a sim* 
pie application of Ohm's law. 

The exercise may be performed 
in either of the following wavs : 

(a) The arrangement is us 
shown in Fig. 50. Let B denote a batterv of constant 
E. M. F. ; R a very high resistance; g and b the resist- 
ances of tlie galvanometer and battery resj)ectively ; then 



\ 



B 



+■ 



»MK. 3» 



I = 



£ 



(r>4» 



R r g -r b 
if no shunt is needed, smd 

E 



( .")*'> » 



c s 

R V - - 



/ • 



if » shunt is used. 

If the galvanometer show a deflection d. on the pa-^sagc 
of a current I^ , through it, then we may assume, in tlie 
great majority of cases, tluit tliis deflection is pro)>ortional 



124 



EL K( 'THK 'A L MHA S'( 'HKMUXTS 



to the current, iiiid wo havp tli<> rclution 

f <1 - L. 
Honce in th<' first case 

I, 



in th(* scroiul easo 



I 
d 



E 



E s 



(5(>) 



(57) 



(oS) 



d -^ 



s 



(u.^f, .-„).,-» 



Usuallv 1) as woll as <]j, and still niofo 



^s 



art* 



j:0n 



R 



tiegligihle in comparison with K, and the fornuihi* I)(»com<» 
much simpler. 

(b) For sensitive galvanometers which have no per- 
manent shunt the following method is convenient : 
Let H, (Fig. 51), be a C(»ll of constant electro- 
motive f<»rce E, and close tin* cir- 
cuit through P and Q. Tlu*h 
tak(^ th<' pot(Mitial ditt'erencr over 
Q to j)roduce the <l(»(lecti(Mi of the 
galvanometer. Q must l)c verv 
small in comi)arison with K. 
Now the ai)])lied potential difleF*- 

Q 
P Q 

for f iMH'onK's 

P Q • R 

In practice vary the resistance K iMMween loOOOO and 
25(H)()() ohms and observe the dedections ; in case (b) the 

Q 



(Mice IS 



E and our formuhi 



V" 



F 






I 



( 59 ) 



1 g ' d 



ratio 



P 



Q 



, mav also be varicMl. 



The term sensitiveness of a ii:alvan<»meter is fre- 
ouentlv us<hI in a difleiMMit sense. It mav l)e defined ji« 
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Xho rosistanco wliich the ciiTuit must have in order tliat 
oiH' volt may ])r(>(UK'(' unit doHoction. 

1 I (•)(») 

It should 1)0 kopt in mind, that For a ^iven ])(>t(Miti*\l 
ulitfcM'once at tlio tcMMuinals of tlio j^aivauomotor, tho deflor- 
tion will not tlopelid upon tlio sertsUivenoss alone, hut 
upon tho resf\sf(nire of tlio galvanomotor as woU. Tho do- 
flt»ction is in this caso InvorstHv proportional to f r. 

FORM OK RKCORn. 

KxeiTh^e J^fK To (^et'ermUxe the rt{jitre f>/ merit of a ^^alvams- 
wete>\ 



Galvanometer 

DiHtani^e of mirror fro\n soaie 



Date 
Uoom 



E 



K 



S 



Q 

V - Q 



BALIJSTir (iAI.VANOMKTKRS. 

Whilo in ordinary ^alvanomotors it is rocjuirod to oh- 
servo deflortions du(» to a stoadv current tlowinjj thi^oili'h 
tho instrument, or to i)n»vo th<^ ahsonct* of a eurrent from 
tho ahsence of a dofloetion, it is often neeessarv to measuro 
tho quantity of eleetrieity passing throu<^h the galvanome- 
ter, as in nuMisuring the (piantity of eleetrieity ston^l in 

a condenser. 

When a eondens(M* is dischargcMl through a galvanome- 

to»' the euri-ent rises rai)i(lly t() a maximum, and tluMi de- 
croasos to zohk In sueh a ease a galvanometer having a 
coil with a large mcnncMit of inertia must he employed. 
Such an instrumcMit is ternnMl a ballistic galvanometer and 
its advantage consists in this, that tin* coil remains j)racti- 
cally at n»st until tin* entire (piantity of electricity has 
passed tlirough it. In this way the full force of the mag- 



126 



ELKVTIilCAL MEASIREMENTS 



iietic tlirust is effective in starting the coil wliich moves 
off as if stjirted by a blow. For small angular deflections 
the quantity of electricity may be set proportional to the 
deflections.* Here we observe the maximum deflection 
attained by the system on the first throw of the needle, 
and not a constant deflection. That quantity of electricity 
which gives unit deflection is called tf^e cofistant oftfie baWM- 
tie galvanometer, or if the quantity Q give a deflection d, tlu»n 

p _Q (611 

Exercise 41. To Determine the Constant of a Ballistic Gal- 
vanometer. 

To determine the quantity Q giving a certain deflec- 
tion d, use a battery of known electro-motive force K, as ai 
standard cell, and charge a condenser of 
known capacity by depressing the key to 
the point b, (Fig. 52). Then by releas- 
ing the key, the condenser is disconnected 
from the battery and discharged thi'ough 
the galvanometer. A special key, used 
for such experiments, known as a charge 
and discharge key, is shown in Fig. ^^\^. 

Letting c represent the constant of 
the ballistic galvanometer, Q the quantity discharged, and 

d the deflt^ction, then 

^QEC ((52) 

^ d ~ d 
where C is the capacity of the con- 
denser and E the voltage of the 
standard cell. In practice vary the 
(juantity and take the mean of three 
^,. ., different trials. 




c 
s 



+ 



B 



KIk. 33. 




•Carluirt anU Patterson, Kleotrieal Measureiiien'ts, pp. 207-213. 
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f till- <H)unUi.nt of II ImltiKli'- (lain 



Vni/l'MKTKHH ,' 



Volti 



lltmetors nini mnincters are iis 
knometers of the D'Arsuuval type. 



Rptiigncd tn Mioa.eiui 



jnllv ]Kirtahle yal- 
Wall iiiHlrimuMits 
■ iiigli voltages or large currents, as in 
electric lighting or power stations, 
ally altacheU to the switcli 
iKiard directly and give continuous 
indication as to the pressure and 
volume of the current furniahed. 
Voltmeters and ammeters are di- 
rect-reading instruments, that is, 
they are so calibrated a-s to sJiow 
Hrectly ujvxi an aildtrary scale the difference of potential 
Kisling, or ilie current flowing between any two points to 
frhlch 
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rh(» Weston instruinonts an* (lunil)Jp an<l nMiiarkablv ac- 
ciirati^ and ilic stiidcMit sljould thoroughly fainiliarizo liini- 
self with thcnt Ix't'on* att<Mn|)tiii^ to use tlwMn in<h»pend- 
fMitly. 

Measurement of Resistance. 
Exercise 42* To Measure a Resistance by Substitution* 

Thr a])i>aratiis is arranged as shown in, Fig. 50. B is 
a haitorv of constant K. M. F.. x tln' ui>kfiown n^sistanco, 

« 

R a rcsisiaiUM' hox,(» a »^alvanofnct<T, 
1\ a k(*v which niav connect the j^al- 
vanonietcr eiilicr to \ or to R. 

Tlic hatt(M'v circuit is first ch>scd 
fhroui^h the resistance x, aiid th<» ijal- 
vanoin(»ter. If th(* deH<»ction he too 
<^reat,th<' controllin*!: niaj^net or the 
torsion h(»ad nuiv h(» so turned as to 
l)rinti; the deHection hack upon th(» Fijr. rxi. 

scah', or a sliunl may In* apppHMl to the i^alvanonii^ter. 
/>o ititf ifse ii hiijh rrsififtufrf in Utv circuit inxtcoff (tf ft sfiunf. 

Assuming that the deileciions are proportional to the 
curreiu we hav(^ 

df (' ii c. 

X , r 

when^ r is tln» i'esistanc<' of the whole circuit exc(*pt x, 

and c is the proportionality fact<n*. Next s(Mid tlie curnMit 

ihrnuirh R inst(»ad of x ; then 

a V ' 

If n«iw R h(» adjusted until the detlections in the two cases 
are r«juaK then 

X R. 
If R can nut he adjusted <o a to |)roduce exactly th«» 
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same deflection as x, iiittTpolate between the two nearest 
values above and below, Kej)eat tlie re;idin^s at least 
three times, 

' FORM OF KK(M)RI>. 

Exerri'Se ^2. To tneiwure a ^'^'SMtance by snb^fituth))i. 

Galvanometer .... Tem|>erature Date 

Resistance of Room Resistance box .... 

Deflection with x ! Deflection with Ri i Deflection with Rj 



X — ohms. 

Exercise 43. Resistance by Voltmeter and Ammeter. 
This exercise consists in measuring of the name fhue, 

the current flowing through a wire and the difference of 
potential at its terminal points. Then if x be th(» resist- 
ance of the wire, we have bv Ohm's law 

V ( (;r>) 



X = 



I • 



r 

1 

I 

I 

I 

I 

I 

I 

I 

I 




The potential ditt'erence at tlie terminals is measured 

bv m(»ans of a voltnn^ter 
whose resistance mu.st be 
verv high in comparison 
with tin* resistance to be 
m(»asured, as otherwise* the 
-• — • current through the resist- 
i,'!^ 57 ance x, will not \w tlie total 

current I, measured by the amm<»ter. This is easily scmmi 
by applying the shunt rule, 

Rv 




y 



Rv ^ X 



wh(M-e Hv is the* resist- 



tanc(* of the voltmeter. If the r(»sistanc(» x is too larg(», 
it is better to include the ammeter, whose* n^sistance is 
very small, together with th(* resistance x Ix'tween the 
terminals of th(» voltmetcM-, as shown bv the dotted linens in 
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Fig. o7, and th(Mi subtract the resistance of the ammeter' 
from the resulting value of x. 

Measure the resistance of an incandescent lamp. Put 
a rheostat in series with the lamp and the ammeter. Cut 
out resistance from the rheostat step by step until the 
lamp has rejiched its full candle power. Observe at each 
step the readings of the voltmet(M' and ammeter. Calcu- 
late the resistance for each current, and the watts absorbed 
by the lamp. 

FORM OF RKCOKI). 

Exerrine JfS. To nieaJiure tJie veHiHtaure of a it iiH'ondeHt^nt 
hiiiip by coltmeter and ammeter. 

Date 

Voltmeter No Milliammeter 

Nameoflamp (handle power 

I R : v\att» 



V 



44* Measurement of Very High Resistances by 
Direct Defletion* 

This method is a modification of the last. Instead of 

an ammeter, a galvanometer is used whose figure of merit 

is determin(»d as in Kxc^rcise 40. The formula for the 

resistance then becomes 

V ( m I 

f d 
since I — - f d. 

Usuall}' ^, the resistance of the galvanometer, is neg- 
ligible in conii)urison with the high resistance x. High 
resistances of this kind are insulation resist- G 



X 



^h 



ances, as for example, tlie resistance ottered 
to the passage of a current by the insulation \^ 
<»f a cable or of a condenser. It is advisa- 
ble to insert a hijxh resistance H. K. in series | "^ «\ 

with the galvanonn^ter, in order to protect ' H? tl^ — ^ 

the instrument from excessive currents in Fig. sk. 
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case of a break in the insulation. If tne defleetions varv 
notably with the time, it is advisable to ke(»]) tlie key K, 
closed and take a series of readings at definite time inter- 
vals, ffx represent a (njxiHtjf sfiirrt Hrruit the gufvfiftoweter 
by meauH of a shunt key, before closing the ken A', and after- 
wards open tlie short cii-cuiting key to observe the steady 
deflection. 

FORM OF RKCORn, 

ExerciJte 4-4- '^<* measure the resiatan^'e offered by the fn^nht- 
Hon of a rowmerrial condenser. 



C-ondenser 




Date 


Galvanometer 

Room 

Figure of merit (40) 

Redistanoe of the galvanometer 


Time 


\' 



THE WHKATSTONK BRlIXtK. 



A 



The most accurate method for incvisuring resistanr<» is 
by means of the Wheatstone bridge. This ai)|)aratus con- 

C sists of i\ network of 

six con<liictors joining 
four points, A, B,C,I), 
(Fig. 59), so arrange<l 
that each point is 
joined to each of th<» 
other three i)oints by 
s(»parate conductors. 
L(»t one of th<» 
conductors contain a 
Pig 54, source of K. M. F. : 

four of the others will form a divided circuit while the re- 
maining one, containing a galvanometer, will form a 
bridge betwe<Mi the two parallel conductors. Let v\,Vi. ra. r4b(' 
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the resistjiiUM's forming the four bnmches of the dividipti 
rirciiit, and supjiose them to be so adjusted that no cur- 
nMit Hows throu^li the fj^ilvanometer. Then it may he 
sliown that the re.Histance\s satisfy tlie relation 

r» r4 ' 

For let the iK)tentials of the four points l>e ii»presented 
hy V», Vb, V\r V(i, then since there is the -same fall of poten- 
tial Ix^tween A and B, whether we pjiss by one i*outeorthe 
other, nnd since the fall of potential is at all times p!*opor- 
tional to the resistance passed over, we have 

V. -- Vc ri , Vh - Vd r, («7) 

. — ____^_. 11111 • zn: 

a -- \ I, ri - Yi \a — Vb Yz - V4 

Hut since no current j)ass(^s through the galvanometer 
\\ - \\. - Vtt - \ ti therefore 



ri r» ((>8| 

ri \r Vi rn ^ r4 ' 



whence 



rr i-» (69 1 

vi r4 ' 

From the above n;lation it is evid(Mi( that if three of 
the n^-^istancc^s be known the fourth may at once be deter- 
mined. In fact it is necessarv to know but one re- 
sistance and the ratio betwtMMi the other two. Since 
the curnMit through th(^ |)arall(d branch(»s shoukl l>e- 
come stea<ly before the* potentials at V and !) are tt^sted, it 
is nec(»ssarv to ch)se the {lalcauinneter ke^j Umt ht erery v€we, 
A, successive contact kev is best a^lapted to this work. 
What wouhl be the (^tl'ect of self-inductanc(> in one of the 
branclM\s? 

It will b(» found advantageous to foMow MaxwelFs 
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nilo :* '*()f tlie two resistances — tliat of tlie I)atter3" and 
that of tlie galvanometer — connect tlie greater resistance 
so as to join tlie two greatest to the two least of the four 
other resistances/' This insures the greatest sensitiveness 
of the apparatus. 

Since 1)V this nu^thod the resistances are to l)e a(ljust(»d 
until no current Hows through the galvanometer, we may 
use anv source of K. M. F. whetli«^r constant or not. Such 
a method is called a zero method. The temperature of the 
room must l)e carefullv noted. 

■ 

Exercise 45» To Measure an Unknown Resistance by Means 
of the Post Office Box. 

In tlie Post Office box,( Fig. r)0), there are three known 
resistances connect<*d in series, one of which mav be givC'U 
anv value b(»tween one ohm and the maximum, usuallv 
10,()()() ohms. The other 



-t 



^±. 









\ A A A i^ — ::^ — ? -^ 

MM .%«•• •••• iM* m» («• ■•« ••• I 



fciErozzLZizlj 



two resistances form tin* 

proportional arms of the* 

Wheaistom* bridge and 

contain l)Ut a f(^w coils, 

usuallv 1, 10, KM) and 

1(M)() olims. In this wjiy 

the ratio between the 

known and th(^ unknown fir. «o. 

resistances mav be varied from lOOO to O.OOl. The 

ijalvjinometer is t'enerallv conncM'ted to the outer 

(Mids of th(* proj)ortional coils and th(» I)atter3' to the 

remaining two binding posts. FnMjuently tin* two keys 

and a galvanometer are included in th(» cas(^ thus making 

it a very compact and conv(Miient instrument for tin* meas- 

urennMit of r(»sistanc(». 



Maxwell. Kk*ctrioity and Nfa^netisni. '-Xd edition. Vol. I. p. 4TH. 
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In practico, espocuilly wliere tlu* unknown n»sistjmce 
is not evcMi approximately known, it is well to bojnn with 
equal resistance's in tlie propi>rtional arms r« and r4. If 
tlie unknown resistance ri, is too large tlie deflection oil 
closing the galvanometer will be in one direction, if too 
small it will be in the opposite^ direction. First tind two 
values for ya which change the direction of the deflection 
of the galvanomet(»r, and kee^) in mind the meaning of ihe ffi- 
rection of the deflection. Ahvv having thus found the ap- 
proximate value of the unknown resistance, change thc^ 
ratio of the proportional arms so as to obtain the smallest 

value of the ratio , that r^ will allow and still produce a 

balance, and then make the final determination. Some- 
times it may b(* necessary to interp^^'^^^** between the values 
of ra. Measure th(» resistance of thr(»e pi<»ces of wire, and 
calculate th(» specific resistance of eju'h nvetal from the 

formula /• R . , where R is the resistance, 1 th(» length 

and a the cross-sectional area of the win». 

FORM OF HKCORI). 

ExerrlHe i'). To deter min4' the miter i fir rexintonrr of three 
met4ils. 

Postoffice box No Date 

Galvanometer Room 

Temp, of room Temp, of Coil 

Specimen of wire ! r^ r4 I r^ ri 1 : diam. a /- 



Exercise 46* Resistance by Slide- Wire Bridge* 
From eiiuation (()9). it is seen that onlv (he ratio 

, and one resistance r^ need be known, to <*f!ect the 
r4 
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measurement of an unknown resistance. Tlie ratio mav 

• 

be furnished by tlie two parts of a wire of uniform cross- 
section. \\\ the slide-wire bridge the sum of the lengtlis 
of the two wires r(»presenting rs and r4 is kept ccmstant, 
usually 1000 mms., and the ratio of their lengths is 
changed by moving one of tlie galvanometer terminals 

along the wire. For this 
purpose a contact maker k', 
(Fig. 61), is substituted for 
the galvanometer key in the 
J Wheatstone bridge. If on 
closing K and making con- 







ri-^a^j 



r 



««w« 



f^fttUr- 



^ 



■f 



FlK. »U. 



tact at k', no current flows through the galvanometer, we 
have, neglecting tin* very low resistance of the copper 
straps, 

1« ( 70 ) 



X 



R. 



U 



or letting the reading at B on tlu^ win* eijual a mms., then 

ai ' (71) 



X 

R 



1000 - ai • 



To obtain accurate results we must interchange x and 
R, in order to correct for possible (»rrors due to vaiiations 
in the cross-section of the wire, or to unsymmetrical plac- 
ing of the scale or to a constant error in the reading of the 
position of the contact maker. After (Exchanging x and 
R, a new reading, a-i, is obtained ; then 



X U)0<0 - xii 
R aa 



(72) 



or combining (71 ) and (72) 



X _ 1000^ +Ja2 — a«) 
R '~ 1000 - (ai -a^j) • 



{TM 
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As shown on page 9, tlie errors of observation influ- 
ence the result least when th(* contact maker is at the .cen- 
ter of the wire. That is when x and R are equal. 

In some bridges four gaps are provided in the large 
copper strips for tlie insertion of resistances. In such 
bHdges the two inner gaps are for the resistances x and R, 
while the outer ones may be used to insert two nearlv 
equal n^sistance coils which serve as an extension of the 
slide wire, thus enabling tlie expiTimenter to determine 
the ratio of the two lengths with great(»r accuracy. These* 
additional coils must be di^termined in terms of mins. of 
the bridge wire.* 

Avoid moving the rontart maker k' while jn'eHHed down. 
A slight i)ressure should suffice to make contact. If not 
the key and wire should be cl(»aned. 

FORM OF RKCOHI). 

ErerciMe ^6'. 7V> mefmure the resiatatHr of on elect ntiiio^f net. 

Study effect of self-i)nhictance /;// cloning k' t^efwe K. 

Slide- wire bridge No Date 

Galvanometer Temperature Room 

R i ai a-i X 



Exercise 47* Resistance of a galvanometer* (Thomson's 
Method). 



The i)rincipl(» of the Wh(»atstone bridge may be ap- 
l)li(Hl to the measurement of the resistance* of a galvanojne- 
t(M*. H(M*e the galvanometer is put in on(» of tlu* four arms 
of th(» bridge and the l)atterv circuit closed, i)roducing a 
(l(*H(»ction of the galvanoniet(M*. If th(» dc^flection is too 
irr(*al a resistance inav be introduced into the batt(»rv cir- 



t> 



* ( 'arhart and Patterson, pp. "»S (U. 
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cult, tt> roduco tlio ciiiT(Mit — i)r tlu^ controlling inuf^npt may 
he lowored or tlie torsion \wm\ rwLstrd until \\w deflection 
comes once more upon the scal(\ Instead of a galvanome- 
ter as in the ordinary arrar.jj^Mnent, a key is inserted, 
slu)wn as k' in Fig. ()2, or tlie contact maker may he used 

as hefore. If with a steadv 
<lefleH*tion of the galvanome- 
ter this kev he closed and 
a current pass hetween (' and 
I) in eitlHM' <lireetion then tin* 
deflection of the galvanometer will change. Only when 
there is no current through k\ will th(» scale reading re- 
main constant. When a constant scale reading with k' 
open or closed is attained, the con<lition for a halance in 
the bridge is fulfilled. Then 



F*_ » 2 SSLli 



D 

hr 



!] 



Kt -^ K 

10(H) 



a 



- a 



ohms. 



<74l 



In this case also the best results are ohtaintMl hv mak- 
ing K = g. Exchange g and K and apply formula (7^^). 

At tirst kiwy resistance Ki, may he taken and the 
bahmce sought, simply to find g aj'proximately. Then 
make K as ni^arly (Mjual to g as possibh* and n»p(»at with 
great(M' can*. Must a cell of eonstant K. M. F. be used in 
this exp(»rirnent? 

FOKM OK l<K<M»KI). 



Krerchse ^7. To )neosurv f/tr rrsisftnur ofn ^l<(}v<iiiomHfi\ 

Da te 

Room. . . . Temperature. . . . Galvanometer No 

Preliminary. Final. 

Ri ^~ . . . . R , ai a-i 



cr 



g 



• • » 



• • • • 



• » • • 



Exercise 48* Resistance of a Galvanometer* (Second 
Method) 

Tho resist fiirc(» of ji <r*ilvai}oni(*t('r niav afso be deter- 
mined bv tlie applicjitioii of the principle involved in Exer- 
cise 39. Tli(* appiiratus is arranged as sliown in Fig. 49. 
Witli no resistance in R2 tli(* (lefi(»ction of th(» gsilvanonieter 
is observcKl for a ItMigtli of bridge wire ai, of about 30 cms. 
Tlie lengtli of \\w win^ is next made afx)ut twict* as large ^ 
tltat is <)() cms. approxiinat<*ly, and sufticiunt resistance is 
added in \U to make tin* deflection of the galvani>meter ap- 
proximat(»ly e(jual to tln^ first tleflection. Finally move 
the contact k(»v alonij: tin* wire until tlie deflf^'tions an* 
exactly e(|ual. (.all this reading of the bridge wire a«. 
Tlien neglecting the n'sistance of the win* in comparisim 
WMth tlial of the galvanometer 

Hi .. 

g . \{'i 

^ a-i — ai 

FORM OF HKCOKO. 

Kj'vrrise I^iS, V'o ineasnre resistanre <tf ft (julniuoineter hy 

Hev4)nd wethifil. 

Date 

Galvanomett»r No T«»mj)erature Room 

ai si7 \ii 






Exercise 49. Resistance of an Electrolyte. 

When a constant current is scut through an elec- 
trolyte, polarization i)roduccs a counter K. M. F. and so 
Hinders the principle (»f Wheatsione's bridge inapplicalde. 
lN)larization mav be avoidt^l bv the use of rapidiv alter- 
nating curnMits. The simplest source of such alternating 
currents is a small induction coil of high t'recjuency. The 
galvanometer must be n^plactnl by an instrunuMU capable of 



;:/. El 'T/iii : i /, Mh: i si-ukmexts 




mi 



Th.' elect 
furriislu-il 

cuFereit witli pltitin 
linvc II cvliiiclricjil "1 




i;vtiiij; i-inTiMil.H. A ti'IcpliMiii' rfofivpi" of 
mis rrsistiirici' is hcst Ji<Ui|)t<'il for this jmr- 
•f till- iiiiinijMilfiMuii if" Kiinilar U> l)iiU tie- 
V'iu-_v tlic resistaniVH »r raove tliccoiilnct 
."ound ill xht' :i'Ii'pi(«ri»- 4'v«s('s or lj('f<jinp« 

(■ i- ...II' which llflS 
ire WMiiiiil ON an 
MKiiJtitiii}; cvHikUm' and 
iniirjn-i U Hindi' by a 
-iiiiill nHiovi'd wlipoi roll- 
in;: ii|Km tlic wiri' »s lli« 
I- V Under is rcvolvi'd. 
Til is r.jriii of Iiiidgi-. 
(Fin- liai. is due to 
Kohiraiiwli, 

li is r>vid[>nt that 
nn lo •iclf-iiidiu^tioii must i^v 

tar 10* |io(i>il)Ic ill nil parts <if the apparatus, 
ytii is coiiKiiiifd ill a ^nas vpsspI 
llli two liir;^!' pill till II 111 ('lfefr(K]t?s 
lihirk. If ilif VHssi'l 
or prisiiialic form (I'ift- '•'lli 
the sppfifir resistiiiiee nr bet- 
t<T till' c'ondtK'tivitv may In- 
rt'iidiiy dcteniiiiiod frojn the 
fdrmulti f^iveii ill Excrfisi'4rj. 
Ktlie form of the vessel l>e *"'■'*■ 
irregular ( Kij;, iJo | , CDinpiirisou must 
lie Uiiule witli all idectrolyle of known 
As sm-li n stfuidard we iimy take a fiUl- 
,r NmCI, sp, yr, [.-2(11 at IS' C. K.i 
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a salmion k 214 x 10'- [ 1 f 0,002 (t — 18)J c. g. s. 

units, or 21.4 x 10=» [1 -h 0.m)2 (t — IS) J ohms. Lot- 

ting the n^sistjinco of a standard NaCl solution be R and 

R kx 
that of the c^h^ctrolyte R%, then ^ ^^ 17 r <>»* kx, the con- 

iliictivity sought is given l>v the relation 

XVx 

The (fuantity Rk is n eonstaiit for (s-ich vessel and is eaIlo<l 
the ^'reMMamr. nf parity' of the V(»ssel. 

Frecjiiently, psj>ecially in (leiTnan tabU»s. the .si)ecific 
eonductivitv is referred to that of nierciin' at 0^ ('. Since 

the specific resistance of niereurv at 0° V. is ohms, - 

1 oiioU 

lO""* 
lOrt^O ^' ^' ^' ^^"'^^» '^^ Mjjerlfir rottclticthHty iHOAHHHyiOiVi c. g. 

s. units. To find k in terms of niercuiy at 0"" O. multiply 

the value found from (75\ bv 94074. 

The ''molecular conductivitv''/i, is defined bv theefiua- 

k 
tion ft , wlien* m is the numl>er of m-am molecules * 

of the substance dissolved in one liter of the solvent, at 18" 
C, and is fre(|uently used in measurements of this kind. 

FORM OF KKCORD. 

Kjn'ri»e JfH. 7W fleterni'me th^ sperijir dud luoler.iUar i%m- 

ih(rtivifies itf <i solution of a soft, ti^i)i{/ three different dihUiouH. 

Date 
Preliminary: 1 Pinal measurenjents. 

R ai lit '> Y'2 t ' Solution ' ai • lu ' vi Rx | kx 

' m - \ 

m I 

: in - 



/«x 



* A irnim inolerule of a substanre is a mans of the rtubntance, in 
lirain.-*. fqual to the mole.nilar \vei;(ht of the substance. 
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Measurement of Electromotive Force and 
Potential Difference* 

Tlio simplest method for measuring ji difference of 
potential between two points is to connect them to a volt- 
meter, or to any instrument whose graduation aUows us 
to read otf' tlie potential difference in volts at its terminals. 
The voltmc^ter was employ(»d for this purpose in Exercise 43. 
The stuilent should h(»ar in mind that the voltmeter must at 
all times j)ossess a very high resistanc(^ Rv, if its indica- 
tions are to be relial)le. Thus in measuring the drop in 
potential over a known n^sistance R, the instrument 

R R 
actuallv gives not E =- l.R, but E' =- I. :p, ' -;^ . Now 

K h xvv 

it is clear that E' can equal E only when Rv is so large 
tiiat R may be neglected in comparison. 

Exercise 50. Measurement of the E. IVL F* of a Cell* 

The apparatus (Fig. 0(>), consists of a battery B, of 



'P 



fp 



r 



/^\_^ E. M. F. higher than that of the* cell to be 
/y\ !^ measured, a resistance Ri, and a voltmeter. 



^LJtr" \^^ Tlie c(dl .B', whose E. M. F. is to be de- 
L) hi ' termined, is joined in parallel with the volt- 
*'''*f- **• meter, so that the E, M. F. has the same 

direction as that of the cell B. Close key K and adjust 
the resistance Ri, until on closing key k, the reading of the 
voltmeter does not change. The reading gives us dinu'tly 
the E. M. F. of the cell B'. 

To increase tln^ accuracv of the method a jxalvanonu*- 
ter mon^ sensitive than the voltmeter mav be inserted in 
series witli B' and Ri adjusted until th(^ galvanometer 
shows no deflection on closing k. The high r(\sistan<^'^^ 
H. R., may Ix* us(m1 at first to pr(»v(Mit the passage of too 
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large a current tlirougli the cell, but it should be removed 
before making the tinal adjustment. 

FORM OF RP:('()KD. 

ExerrAm o<K To vieasure the E. 3L F. of Jive different i^lls, 
first separately and afterward alt Joined in series. 

Voltmeter No. Date 

Name of cell Voltmeter read ingf 

Exercise 5U Electromotive Force by Potentiometer Metho<L 

In measuHMiients of K. M. F. or of potential difference 
wliere a high degn»e of accuracy is requ.ir(»d, it is necessary 
to compare the E. M. F. to be measunul witli that of a 
standard cell. 

The arrangcMuent of the ai)paratus is shown in Fig. 67. 
The principle of the method consists 



rn 



in i)roducing liy m(»ans of a current 
from the batt(»ry H, a potential J^ 
ditf'erence at th(» terminals of a r(\sis- 
tanc(» R, ecpial to the K. M. F. of th<^ 
cell B' whose (OtH'tromotive forc(» is 



-0^ 



H » 



R- 



B 



f 



t 



to be measured. The two eh^ctromotive forces should be 
so arranged as to oppose* (^'ich other in ihv galvanometer 
branch. If now the kevs K and k be closed, no current 
will flow through the galvanometer and E - i R. In 
practice* a standard cell is first placed at IV. L(*t its known 
E. M. F. be El ; then Ei '-^ iiRi. The cell under experi- 
ment is next s(»t in at B\ and after tin* n^sistance has been 
so adjust(Hl that no current flows through tlie galvanome- 
ter on closing the keys, w(» have 

Ei - - i'iRa, 
and under the condition that ii 

R. 



K«i 



El 



is, we liavc at unco 

(77) 



■ Ri 
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The condition ii — ia is fulfilled when the battery B 
lias a constant E. M. F., and when the sum of the resistanceti 
R and R remaum constant throughout the experiment. It is 
moreover apparent tliat tlie E. M. F. of B must be greater 
than tliat of B'. A pair of Daniell cells or a storage bat- 
tery is best for this purpose. If the E. M. F. of ordinary 
open circuit cells is to l)e measured, a freshl}' charged 
Leclanche element will do very well as the high resist- 
ance of R -[- R' pn^vents it from polarizing ai)preciably, 
if the k(\v K is k(»pt closed for but an instant. The high 
resistance H. R., is inserted in the galvanometer circuit to 
prevent the passage of large currents through the instru- 
ment. It should l)e cut out when a balance is nearlv ob- 
tained. The boxes R and R' are 10000 ohm boxes and 
the sum of their resistances is kept at 10000 ohms. 

It is clear that a win^ of constant length and uniform 
cross-section mav be substituted for the two resistances R 
and R', and a balance obtained by shifting on(» terminal of 
the galvanometer along the wire. If the readings are 
Hi and a-i in the two cases, tlien 

ai 

In this case however, care must be taken to avoid 
heating the wire, and to this end the key K sh<»uld be kept 
closed but an instant at a time. 

FOKM OF RKCOKI). 

Exercise J/. To measure the E. M. E. of five cells. 



Galvanometer I Name of cell. 

Room i 

ResiHtance boxes . ' 

Standa J cell No I 

Tempe ature ; 



H 



Date 

rr E 
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52. Gilxbratfon of a Voltmeter* 
Tins inetluxl also consists in balancinfj the E. M. F. 
of one or more standard cells against tlie potential differ- 
ence at the terminals of a resistance traversed by a current. 
Let V be the differ(»nce of potential at the terminals of the 
voltmeter, E be the E. M. F. of the standard cells, and i 
the current flowing through K and R' ; then 

V -- i ( R -h R') and E = i R , (79) 

or 

R A R' (80) 



V -- E . 



R 




The arrangement is that shown in Fig. 68. The re- 
sistance r is introduced to varv tlie 
readings of the voltmeter, l)Ut it mc- 

should be notiMl that the voltmeter J ^ \l\ j^ 
reading will then varv more or less 
with the change of R or R'. If th(» ac- 
curacy of any individual reading of th(» ^^'^^'^^ 
instrument is to be testiMJ a repeated *•'*»• *<• 

adjustment of r may \)0 nc^cessary. In this cjise it would 
be mon* conv(Miieni to adjust the number of cells in B so 
jis to give, as nearly as possible, tin* (h^sinnl reading or to 
keep the sum of R and R' constant, which in general is not 
necessary. 

Tlu» voltmeter must be kei)t in the circuit all the* tini(» 
during the experinnMit. A high resistanc(» in thr galvan- 
ometer l)ranch is also ailvisablc h(»re. The voltmeter cor- 
rection is the amount to be adchnl to the voltmeter reading 
to make it corn^spond to th(» computed value of V. 



ELECTRICAL MEASUREMENTS 



u:^ 



FORM OF RECORD. 

Exercise ^12, To calibrate voitmet^r No. 



Galvanometer 

Room 

Standard cell No 

Resistance boxes 

Temperature 



Readin)? of 
voltmeter 



Date 



R 



I 



R* 



V 



( \jri\ictioii 



Electromothre Force and Internal Resistance of Batteries. 

Whenever a battery is closed througli a eoiuhictor an<l 
no external work is done except that of heating the con- 
ductor, the value of tlie current is ^iven by 

E=rI(R + r), \Sl) 

where E is the electromotive fowe of the battery, I the 
current, R the external resistance and r th(» internal resis- 
tance of the battery. In case polarization occurs, the 
counter E. M. F. of polarization must be subtractt»d from 
E. According to the above formula the E, M. F. of tin* 
battery may be considered as dividcnl into two parts: (al 
IR, the drop of potential over the external resistance, com- 
monly called the terminal iK>tentiial (I Iffereure, and (b), Ir, the 
drop in potential in the cell itself. The relativt* potentials 
of the various parts of tlie circuit may b<' n»pn»s(»nted as 
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m Fig. 01), wliere tl^e potentials aro given jis <»nlin»res ami 
the resistances as abscissae. 

Consider tlie case of the Daniell cell. 'Hie potential of 
the zinc being the lowest in tlie wliole circuit is represented 
by the i>oint A. Between the Zn plate and the ZnS04 solu- 
tion there is a sudden rise in potential of 0.52 volt, so that 
the potential of the ZnS(>4 solution next to the Zn plate is 
represented bv ♦ihe point B. Tlien follows a drop in poten- 
tial in the cell until* the (*u electi-ode is reached wlien a 
second sudden lisi* of 0.58 volt occui's, the pot^Mitial of 
the (^1804 n(\\t to the copj)er plate, and that of the 
Cu electrode Iwing represent(»d bv the ix>ints C and D 
respectively. From the cojipc^r plate, the pot^mtial falls off 
regularly owing to the external resistance R until the zinc 
plate is again n^ached at Ai. 

To complete^ the analogy, the figur(» should be consid- 
ered as wound upon tlie surface of a cylind(»r so as to 
make A] coincide with A. If both solutions are nqrmal 
there is no appreciable difference of potential between the 
the liipiids themselves. The electromotive force E, of a 
cell is the sum of th<» potential differences at the plates, 
i. e., AB • CI) ■ A(il, while the value* of the terminal 
potential diff(»rence E\ is represented by FI), and depends 
upon the relative valuers of the (External and internal re- 
sistance's, R and r. In general this relation may be ex- 
pressed thus : 

K : V: :: R r : R (82) 



whenci* 



, E -K (83) 



From the abovr eipnuions it is eviclent that E' equals 
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E only wh(Mi K is iiifiiiit(»ly great, aiul E' is zero for R 
eqiuil to 0, In measuring the E. M, F. of a battorv by 
means of a voltmeter it must be noted that the voltmeter 
measures onlj' the difference of potential at its terminals, 
and that its resistance* must be very large in com])arison 

• 

with r, if it is to sjive reliable values for E. 

Excfcise 53. To Determine Terminal Potential Differ* 

cnce of a Cell as a Function of the External Resistance. 

Connect a voltmeter or galvnnom(»ter of high resist* 
ance to the terminals of a Daniel cell B, as 
shown in Fig. 70. The r(»mling will give 
practically the E. M, F. of the cell or a 
deflection which is proportional to it. Vary 
the parallel resistanc(^ R, by steps as fol- 
lows : r>(), 40, 20. 10, T). 4. 2, 1, and 0.5 



<r> 



' T 



u 



FiR. 70. 

ohms, and ol)- 
serve the cor- 
responding ^^ 
values of E'. ^^ 
Plot E' and K 
as shown in 
Fig. 71. The 
curve will be 
an hypc^rbola, 
if r remains 
c o n s t a n t . 

Whv? Th(^ n»sistan(M* of the cell r, niav be found directlv 
from th(^ curv<', for r K when E' E/2. Calculate 
also the vahh* of r from e(|uation (H:^), and plot rasa 
function of I, which espials E/It'. 




/ 



External Re5i5ta)i< 



ce 



FIjr. 71. 
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R>RM OF RKrORI). 

hLveriri^ o./. To determine tJte terminal piitential differem^- 
of a Ikini^ll cell a^ afanvtion of life eaiernnl ir^lstunce. 

Voltmeter Na. Uoom Date 

RenistaDce box K f B' 

B (for R infinite) 



with K ek>s(»(L Sinc(» 



- I w(^ havo 



Ezercoe 54* To Dstennxne ETectromotfve Force and Internal 
Resistance of Fnre Different Cells by Voltmeter and Ammeter* 

This method is a inodificatiah of tlie preceding. A. 
niillianiinotor is joined in 9eri(>s witli the resistance box R, 
as in Fig. 70. TIk/ reiidingfor E is nia<le with the key open 
and then readings for E' and I are taken simultaneously, 

E' 
R 

E^--_E' (84) 

*' I • 

Varv the rosistance of the animetiM' circuit and take 
three ditterent currents for ejich cell, but all of such a 
value that E' n^mains nearly cujual to E/*2. If R and the 
resistance of the ammeter be known, formula (H3), may l)e 
used as a ch(»ck formula, giving check values r , which 
should agr(»(» with those of r. In the case of drj' cells the 
current is fnMjuently so small that it can not be read ac- 
curately. In this case compute r from the values of E, 
E', and R. 

FORM OF RKCORI). 

Hxercise 'f^. To defenniHe elect ronatt ire force und internal 
reniMonve of Jive different crJln htj voltmeter </;/// on) meter. 



\^)lt meter No. 
Aninieter No. 
Resist anee box 



Name of eeUl E 



VV 



- ammeter 



r • r' 



Since the polarization is (|uit(» ra])i<l in some cells, it 
is better to read Vj immediately aftrr the key K is opened, 
than at tlu* l)eginning of »»ach observation. 
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Exercise 55* Electromotive Force and Internal Resistance of 
Five Cells by Gmdenser Method* 

The foregoing method has two disadvantages : tirst 
the voltmeter reading is only approximately equal to the 
E. M. F. of cells of low internal resistance, and second 
the key K must remain closed until the readings can be 
taken, thus permitting of considerable polarization. In 
the condenser method the tirst objection is entirely over- ' 
come and the time needed for the observation is much 
shorter than in the previous method. The principle of 
this method is to obtain a deflection of a ballistic galvan- 
ometer proportional to the E. M. F. or difl'erence of poten- 
tial of the cell. 

Two methods may be employed. (a) As shown' 
in Fig. 52, a condenser of capjvcity C, and a ballis- 
tic galvanometer are substituted for the voltmeter in the 
last exercise. Tlie condenser is charged to the difference 
of potential to be measured and discharged through the 
ballistic galv<anometer. (b) Th(» apparatus is arranged ai^ in 

Fig. 72. In this case the con- 
denser is charged through the 
galvanometer, the resulting de- 
flection being proportional to the 
,j, electromotive force charging the 
condenser. To obtain E the 
k<\v K should \w open ; to 
^'•*f "-• determine E', it should be^ 

closed. The advantage of this nu^tliod consists in being 
able to take tlie reading at the instant the circuit is ch)sed. 
In order to (»xpress tlie E. M. F. in volts, the conden- 
ser is also charged from a standard cell and discharged • 
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through the galvanometer. Let tlie deflection in this case 
be di, and let d be the deflection given by the cell under 
investigation when on open circuit, and di when the cell is 
closed through the resistance R. The deflections are pro- 
portional to the quantities of electricity passing through 
the galvanometer, and these are themselves equal to the 
product of the difference of potential at the terminals of 
the condenser, by the constant capacity, C. Therefore if 
E. l)e the E. M. F. of the standard cell, then 

d (85) 



E - E. . 



and 



r 



R . 



d, ' 
d — d, 



(8(>) 



The charging and discharging may l>e done in a small 
fraction of a second and the key K , need only be held 
down during that time in the determination of E'. 

It should be observed that the internal resistance of 
batteries, and especially of dry batteries is not a constant, 
but seems to decrease with a decrease of K, that is with 
increasing current furnished by the c(»ll. This is probably 
due to polarization, whose effect is neglected in the formuhe 
given al)ove.* Use thn^e different resistances for each 
cell, such that di is about d/2. 

FORM OK RKCORO. 

KxerciMt -)'». 7>> det^rtniue elect ro mot i re force onfl internnl 
reHititfUtce of fire cellx tjtj the conde^iaer iiiefftoiJ. 



(ialvanometer 

Condenser 

Resistance 
Deflection hy st. eell 
Temp, of St. cell 
E. M. F. of St. cell . 



Room 
Name of cell 



Date 



d 


d! 


R 


K 


• ••• 





.... 






(hithe. Physical Iteview, VII, ji. lO.'J. 189S. 
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Exercise 56. Internal Resistances of a CelL (Method of 
Nemst and Haagn*) 

III this method the internal resistance of the cell is 
determined by means of an alternating curriMit, wliile the 
cell itself furnishes no curnMit wliatever. In this way the 
disturbing effects of polarizarion are entirely avoided. 
The alternating current is furnished by the induction coil 
I C, (Fig! 73), whicli charges the condenser C alternately 
to positive and negative potentials. These alternations are 

transmitted to a Wheatstone bridge, 
of which the condensers Ci and Ca 
form two arms,- and the resistances 
R and r form the other two, where r 
is the resistance of the battery B. 
The resistance R is so adjusted as to 
produce minimum sound in the tele- 
phone receiver which replaces the 
<jalvanometer in the ordinary Wheat- 
stonp l)ridge. 

The applied difference of poten- 
hk. 7.T tial produces a current i, through the 

resistances R an<l r. Condenser Ci will be charged with a 
quantity Ci i r, and condenser C* with a (juantity C i R. 
For a minimum sound in the telephone these charges are 
<»qual or 

Vx \ V - (\ i K , 




or 



r 



Ci 



III pructU'c it is Ix'st to conncH't a slide-wire bridgi! in 
series with the l)atterv and connect the teh'phone with the 
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contact maker. We have then instead of r in one arm of 
the Wheatstone bridge, r + R', wiiereR' is the resistance 
of the part of tlie wire from tlie batteny B to tlie contact 
maker. The formula becomes in tliis case 

r -g*R -K'. 

FORM OF KKCORl). 

Exercise J6'. To detenu ine the hiterual tesistanre of five cells 
by the method of Xernst and Haugn, 



Name of cell | Ci Ci ! R 



R 1 r 



Measurements of Current* 

Since it is obviousl}' impossible to preserv(» standards 

of current, it is also impossible to (h^termine currents by 
direct comparison with a standard as in the case of resist- 
ance or electromotive* forc(\ It is necessarv therefore to 
employ certain known effects of th(» current ft)r purposes 
of measurement. The followin«i are those chiefly us(»(l in 
laboratory practice, (a) Electronui«^netic ett'ect in gal- 
vanometers, voltmeters and ammet(»rs. Tliesr* instruments 
Jiave been in frequent use for the measurement of currents 
in the previous exi)eriments. If any doubt as to their ac- 
curacy arises thev should l)e calil)rated l)v on(* of the 
inethods which follow, (h) Chemical eti'ect. ('t>pp(»r or 
silver voltameter, ( Exercise 57). (c) The production of a 
potential difference at the terminals of a known resist- 
tance, (Exercise 5S). 

Exercise 57. To Calibrate an Instrument by the use of the 
Copper Voltameter. 

Accordinf^ to Faraday's law th<» (piantity of a substance 

di^posited by an (^lectric curreiu is proportional to tin* 
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quantity of electricity passing through the electrolytic 
cell. A steady current of one ampere will deposit 4.02r^ 
grams of silver or 1.1838 grams of copper in one hour. 
The electrochemical equivalent z, of a substance is the 
num])er of grams of the substance deposited by unit quan- 
tity of electricity. Since the quantity of electricity is the 
product of current and time it is easy to determine the 
average cAwrent flowing through an electrolytic cell, by 
dividing the number of grams of the substance de]:)Osited 
in time t, by tlie weight which would have been deposited 
by unit current in the same time. Thus if w be the num- 
ber of grams deposited, then 

, ^ w (87) 

z t * 

Whenever it is desired to calibrate an instrument for 
measuring' current bv means of the voltameter it is neces- 
sary to determine the average reading of the instrument 
during the time the current flows, and by comparing this 
reading with the average current, to determine the con- 
stant of the instrument or the correction to be applied in 

• 

the case of din^ct reading instruments. 

trkatmp:nt of thk copper voltamktkr. 
Of the various forms of- voltameters the simplest is 
th(* copiXM" voltamc^ter. (Fig. 74). Its manipulation de- 
mands consideral)](* care. The voltameter consists of two 
copper electrodes in th(^ form of plates or spiral wires, 
immers(^d in a solution of ('urt04. This solution must be 
kept in a separate botih* and b(^ used for this experiment 
only. * Tliat part of the kathode on which the coppcM* is 



* The following solution is recommended: CuS04, 15 
grams; HiS04, 5 grams; alcohol, 5 grams; water, 100 grams. 



IM 



FJ.KiTHICAt. MKASCliKJIEST^ 




y\s. -.i. 



t.u 1«' il(;|iusii,fil imisi In- kcpi \>yy{k^t^t\y vh-i\» MiJ, )ii>iii{ nnt 

In- fiiiu-Jiril teUh tAeJIiiifl'iit. If not cipan, the platp must be 

ilippfd iiitu a strong suliitioii of pota.ssiiii[i cyanide then 

waslicd VfcM witli wtilcr jiiul tlion dip- 

[ytnl into 3tii>iig alculiol Jiiid dni'tl. All 

ilirsn u{M!i'ationg s^lioiild Ix' iK'rTcirnicd 

n» rapidly ns [HKviiblo sii!cp inniHi. vnp- 

per uxydizes easily in t?ip air. In 

cast- the kathode is jjcrfcc-tly i-lr-im it 

may he used witliiiiit further prepjini- 

tioi) . 

First weigh the kathode to 0.1 
milligram. Then set up tlie voitniuotprs, two i 
order to eheck the result. In the ciifuit place a bnitt-ry 
of higli, and if possilde, constant E. M. F., a large raria- 
h|p resiHtauce, the iustrunient to tlip calihrated, and u key 
for oppiiiri;^ and closing the circuit. The resistance should 
Ix' adjusted l>eforehand so as to give the cuirent that is to 
he sent through the voltameters. The curreni density 
may be as high As l.o amperes per square-decimeter of the 
elBCti"odes, t'liiHe the circuit for n definite time, say thirty 
minutes, luid note tl)c reailing of the instrument every 
minute. After the circuit is opened wash the katliode itl 
plenty of water, rinse in alcohol, tlry and weiph to deter- 
uiine the luivss of the deposit. 



Oltll. 



ft'jr/viw -■ 



To tfiUltntte a . 



I.y<: 



i-itiifier f<iUamet«e. 
Date 
NauieitndDiiiuberof iDscruiiienc. Kormulu tit inslrmni-'iit -._^ 

I VolMm«t«r 1. I V'oltamirior 1 1. J t | KeMlliu' 
Wl. ut IcBthinle tieforu | . ' ■ ' ' ~ '- 

Wi, of kaihodv after 1 _ 

Cuin 
AvT-r^eL' ifain Avera^- ruiulingar loeL —.-, 

• (.■rm[ciriirr.-nl 



t.'onsuini (t 
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Exercise 58. Gdibration of Ammeter by Standard CeO. 
A current may bo moasured by co!ni)arin{X the differ- 
f?iice of potential at the terniinalvS of a known resistance r, 
through which it flows, with a known E. M. F, Let A 

(Fig. 75), be an ammeter to l)e cali- 
brated : B a battery of constant E. M. 
F,, and s an adjustable n^sistance for 
varying the curi'ent. Ki and Kaare two 
r — ^ ** 1 ^ I resistances,. each yery large in compar- 
es (a) ison with r. The standard cf»ll is set 
K. n ^-r jj^ such a way as to oi)pose tlie diff'er- 
Fi>?. *5. ence of potential at the terminals of 
Ri. The resistances Ri and Rt ai*e so adjusted that on 
closing k after K, no current will flow through thegalvan* 
ometer ; then 

I r -= i.(Ri -h k^) (H8^ 

where I is the current flowing through r. and i that 
through Ri and Ri. . I is sensibly the s^ime current as that 
through the ammeter. 

Moivoyer E^ ^- i Ri , I HIM 

therefoi'e 

J _ E. Ri^ R'2 (IMM 

r • R, 

It is apparent that under the conditions given the cur* 
rent must be equal to or greater tlinu E^/r in order to 
make a balance ])ossible. * Calibrate an ammeter using 
at least Hye ditterent currents. 



* For a method for measjuring- small oiirrent> «eo ('arluiri ami 
Patterson, p. ITl. 
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FORM OF RECORD. 

Exercise 08, To calibrate ammeter No, 



Zero point of ammeter' 

Standard cell No.. 

Ammeter reading ■ Ri 

Obtjerved Corrected for zero pt. 



Room . 
Temperature 



Date 

Resistance r. 
E. M. F. 



R*2 1 1 computed 



Correction. 



Gmipaffson of Capachxes* 
Exercises 59* Comparison by I^irect Deflection* 

The simplest metliod of dc^termining the capacity of a 
condenser consists in coni])aring the deflections of a ballis- 
tic galvanometer (Fig. 70), caused by th(» 
discharge of the quantities of electricity 
stored in a standard condenser and in that 
under investigation, when each has been 
charged to the same ditterenc(» of poten- 
tial. From Exercise 41, 

di -- Qi/c - aE ('1 (91) 

d, --■ Qi/c = a E (\ (92) 

d« (93) 




FlR. 7«. 



(^2 - C, . 



di 



One of the condensers Ci, is a standard condenser of 
known capacity. 

If the capacity of a condenser is so hirge as to give 
too large deflections, wlien discliarg(Ml 
througli the galvanometer, the experi- 
ment Juay he arranged as sliown in 
Fig. 77. A battery of constant E. M. 
F. scMids a current through two resist- 
ances Ki and R-2, the sum of whicli 
must hv kept constant. The condenser 
is connected ov(»r one* of tliese n»sistances Ki, and charged 




Fin- 77. 
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vritli the differcMice of potential at its terminals equal to 

i Ri. If the deflection on discharging is too large the 

value of Ri is to be reduced, Ri being increased by the 

same amount. Then if Ci and Gi represent, respectively, 

the standard and the unknown capacity 

di -- a i R'iCi and dt -- a i K'lV^ , (94) 
therefore 



., dj Ri ^, 

di Ki 



(95) 



Instead of two resistance boxes the wire of a slide 
wire bridge may be used. Not un frequently condensers 
are found whose capacity depends very largely upon the 
time of charge. Such condensers are termed "absorbing 
condensers/' The student should therefore take different 
intervals for charging and note carefully the resulting 
effect upon the observed capacity. 

FORM OF RKCORn. 

Krerri^e oU, To measure tJie^Y/jxrritfes vf /our (V7tfief tsevK 

Date 

Name of condenwer I Time of chaiy^. 



Room 

Cvalvanometer 
rie»i8tance boxes* 
CeH 



Ri 



C 



Exercise 60. Comparison of Capacities by the Method of 
Mixtures. 

The apparatus is arranged as sliown in Fig. 78. In 

the middle of the figure is shown a 
PohTs commutator with the cross wires 
removed, by m(»ans of which the points 
a and a' mav bi* connected eith(»r to b 
and b' or to c and c'. Bv nveans of the 
first connections the condensers Ci and 
Ci arc* charged with (piantities of elec- 
n^ 7s. tricity cMjual to RiiCi and R^iCa respec- 

tively. On changing the* conn<H*tions of a and a' these 
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quantities mix and there will, in general, be a dettectioii 

of the galvanomc^ter resulting from the difference of those 

two charges on pressing the key K. Adjust tlie resistances 

Ri and R2 untiLthere is no deflection of the galvanometer ; 

then 

RiiCi - \U\ Qri {\)(S' 



and 



^' ~ ^' • iT. 



(97) 



The batt(»rv shoukl have a relatively high E. M. F. ; 
six to ten Lechanche elements mav be used. The disturb- 
ing influence of al>sorption may be studied fis in the pr(»- 
ceding experiment. 

FORM OF KKCORO. 

Exerci^ 00. To coinimre two ro)i<fenf<erx hij thv mettuHl oj 
mi^'tureH. 



Room 

Cralvanometer 
Uesistuncc boxes 
Standard condenser. 



Date 



Na»ne of condenser 



Time III t Ui 



Measurement of Inductance* 

Exercise 6t* Comparison of Self inductance of a Coil with 
Standard of Selfinductance. 

Arrange the apparatus as in Fig. 7*K in which the two 

st»lfinductances each form one arm of a 
Wheatstone l)ridge. Ia'X their resistance* 
iind selfinductance be Ki and Li Hi, and 
Ij-i respectively. The remaining two arms 
are formed bvthe non-inductive resisianc<*s 
l\n and K4. First adjust lU and lU for 
rfmstnnt cHrnnt \\\\x\\ the <ralvannm<'t«'r 




shows no drflt'ction on ch)sinj; k, that i^. 



Ri 



R. 
R4 • 



Thru, h'f^thifj k rfnst(L open K. 



KljT. 7J*. 

TluM'c will in 
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j^eneral be a deflection of tlie galvanometer due to the 
<lifference of the E. M. F. produced by the selfinduetances 
in the l)ranehes Li and La. Vary the selfinductance of the 
standard (see page 115), until upon opening K no deflec- 
tion is obtained. Then the pointj? .connected to the galvan- 
ometer will be at the same potential as well during the 
steady as during the variable state of the current. 

Let the difference of potential over Ri or Ra for a 
constant current l)e E ; then the current through Ri is 

E E 

ii =^ ^- , and through K^, ij ^~ ^ • Now the value of 

XV 1 JXl 

the E. M. F". due to selfinductance is 

dt 
In the case under consideration, the value of e on opening 
K at anv momcMit, is 

dii LidE (99) 



Ci = — Li 
and 

e-2 — — L-i . TT — - ~ ^ 



dt 


Ri dt 


di« 
dt 


L»dE 
R, dt 



(100) 



dE 

But after the adjustment of the standard, , - is the 

sam(» for both Ci and ej, and hence the condition for no 

deflection during the variable state of the current is given 

by the equation 

Li Li . , Ri , Rs (101) 

^ ^ ^ or Jji 1^ ^ = U „ . 

In practice care must be- taken to place the two selHn- 
ductances in such a position that they will not influence 
i»ach other. To obtain accurate results the batt^^rv must 



♦ r' 



Carhart, University Physics, Vol. II, p. ^3. 
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possess a high voltage. The best i-osiilts are obtained by 
using an alternating cun-ent and sul)»ti tilting for the gal- 
vanometer a t^elephone i*eceiver as in Exercise 56, or by 
rectifying the current l>efore sending it through the gal- 
vanometer. In an instrument dc^signed by Ayrton and 
Perry, called the secohmmeter, * this rectification of the 
current is (effected l)v means of a double commutator. 

KOKM ifF KKCOKO. 

Exern^e (>L To menHure the HelUndndiDice of 

Date 

Apparatus Rs R4 Reading of Standard | L 

Room I . . . . ; . . 

Voltage of battery .... i .... ; ; . . 

Erercise 6Z» To Measure the Mutual Inductance of two 
CoHs. 

According Xn definition the co(»fficient of mutual in- 
duction uv, tJK* mutunl inductance* of two coils is ^iven l>v 
the (H|uation 

dt 

where e is the c<ninter K. M. F. in the secondarv due to 

the mutual inductance M,and i thecurnMit in the ])rimary. 

Let the induced E. M. F. produce a current through a 

l)allistic galvanoniet(»r : the current i'. so produced, wnll at 

anv moment be o/v, wli(»re r is the total resistance of the 

secondary circuit including the galvanometc^r. The total 

tjuantitv of electricity passing through the galvanometer is 

I" 

I i'dt I dt — I ili , wlicre the integral is to be 

taken betwei'U an<l I the final value of the steadv cur- 
*Carliarl iiiwl eattorsoii. p. llo. 
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ivnt in th^ primnr\t circnU. Therefore the total quantity 

in the secondary circuit when the primary circuit is 

closed, becomes, neglecting its direction, 

/. _ MI (103) 

Vc ■ — » 

r 

If the current tln^ough the primary be suddenly reversed 
the value of Q is doubled. From the formula for the 
ballistic galvanometer we have Q = cd, where c is the 
constant of thv galvanometer. Therefore 

cr d (|104) 



d =- and M 

c r 



I 



Tli(» deflection is therefore proportionj^l to the current 
in the primary and inversely proportional to the resis* 
tance of tin* secondarv circuit. To show these relations 
clearly make the following experiments. (1) Vary I 
keeping r constant. Plot values of d and L 

(2) V^ary r kee])ing I constant. Plot d and 1/r; 

.,.,»». f ^ I both curves should be straight lines. 

^ ^ iRfii '^^^^ arrangement is shown in Fig. 80. 

Let P represent the primary and S 
tin* secondarv coil. The primary is in 
series with a battery B, a variable re- 
sistance R, and an ammeter A. To the secondary coil are 
joined a resistance r and a ballistic galvanometer. 

FORM OF RECORO. 

Exercise fiJ, Tv detenu hie the mutual inductance o/. . . . . . 

Date 

Ammeter Iloom Ballistic* galvanometer 

Determinaticm of conutant. (1). r constant. (2). I constant. 




FlK. HO. 



Capacity 

Electromotive force 

Deflection 

Constant 



I 


d 


M 


r 

t 

1 


d 



M 



CHAPTER IX. 

MAGNETIC MEASUREMENTS- 

Magnetic Fields. 

In most of thv foregoing expHM'inients the actum be- 
tween a magnetic field produced by a current and anotlier 
magnetic Held was used to determine electrical (|uantities. 
In the following (»x|>eriments the subject will be 
api>roached from a difterent ])oint of view and the student 
will find it of advantage to review the subject of galvan- 
ometers, ]>p. 117 to 120, before reading this chapter. 

Exercise 63. Detennination of H. (First Method). 

The linens of magnetic force d\w to tin* c^arth's field run 
from Soutli to North, although deviating in some places 
by an appreciable angh* from the geographical North and 
South line. This angle is called the angle of di^clination. 
The lines of force an* also inclined towards the horizontal 
plane, making in Ann Arbor an angle of 72' with the hori- 
zon. This is the angle of nuignetic inclination or the 
•'magnetic dip.'' It sliould be not(Ml that neither the 
magnetic declination nor tin* dip are constant. They not 
only vary from place to ])lace over the (birth's surface, hut 
thev also varv slightlv from v(\*ir to year and from dav to 
<lay in the same plac(». TIk^ magnetic Held of the earth 
may l)e conceived as the resultant of two componcMits, one 
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liorizoiital H, and one vertical V. Then ^, the angle of 
dip, is given hv the equation 

It is of great interest to determine the value of tlie 
horizontal component of the earth's magnetism in terms of 
the fundamental units, of lengtli, mass and time, since nil 
the practical magnetic and electrical units are based on 
these.* 

A relation between the magnetic moment of a mag- 
net and the sti^ength of the magnetic field in which it is 
situated mav be derived in either one 6( two wavs : 
(7) MethiHl of deflections. 

Let a magnet N S, (Fig. 81,) be placed with its axis 
jf' ^ on the magnetic East-West 

line f and on this Hue in the 
same horizontal plane, at a 
Si H measured distance from it 
_ ..." place a very small magnetic 

^ nei^dle n s, sus|)ended bv a 

i. j^ ^, tine silk thread or (piarz fiber. 

Let m and 1 be th(» i)oie strength and half-hMigth of 
magnet N S. L(»t m' and 1' repr(»sent the same for 
magnet n s. 
Also let 
<1 be th(* distance Ix^tween the centers of tin* magnets, 
H the horizontal componcMit of tln^ earth's magnetic field, 
M the magnetic moment of the magnet N S, - 2ml, 
M' the mairnetic moment of the majrnet n s - 'iniT. 




* For I he relations of thesr units to each othtM*, set* Carhart. Uni 
versity Fhysi^•^?, Vol. II, pp. 31.") and 340-341. 

t To lind the miiirnetic Kast-West line, suspend in the center of a 
plane coil of wire a majjnetic needle. Turn the coil until on sending a 
current throu>:h it the needle is not deflected. The plane of the coil is 
then in the mairnetic Kast We*<t line. 
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The magnet n s will be deflected from its normal posi- 
tion by the angle f , such that the turning moments due to 
the earth's field and that due to the influence of the mag- 
net N S are equal.* Tlie force due to the earth's field on 
one of the poles of ns is m'H, and the lever arm on which 
it acts is, r sin f ; so the turning moment on the w^hole 
magnet is 'im'l'H sin ip == M'H sin f . 

The force on the north-seeking pole of n s due to the 
south-seeking pole of N S is, according to Coulomb's law 

of the inverse squai*es, , .^ , V l)eing considered neg- 

ligible in comparison with d. The force of the north- 
seeking pole of N S is in the opposite direction and equal 

to 73 — -— r-^ , so that the Avhole force on the north-seekinsc 
(d + 1) 

pole of the needle is : 

,. , f 1 \ ^ (106) 

find if 1 be small in comparison witli d, 

„ _ 4m m'l (107) 

The turning moment due to this force is Fil' cos y , 
and since the turning moments on the two poles of n s 
are equal and in the same direction the total turning mo- 
ment exerted on N S bj' the magnet n s is 2 Fil' cos f , or 

8 m mil' , M M' (108) 

— cos c — 2 , - jx- cos cr . 
d' ^ d* ^ 

But the turning moments represented by the force 



* The angle if is det<M-niined by mirror and scale. 
Suppose the distance of the mirror from th(» scale to be D 
and the deflection d, then tan 2 f - d/1). 
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exerted by the earth and tlie magnet N S must bo e(]ual 
since the noodle is in equilibrium : So the expressions for 
these turning moments may be set equal to each other, or 

,,, „ . ,^M M' (109) 

M H sin if - 2 ,-j,- . cos if ^ 

whence 

M d» ^ , (110) 

g - -,y . tan if = X . ^ 

(2) Metlu)d iif 08<'MlatloiiS, 

The law of vibration of a magnetic needle in a mag- 
netic field is the same as tliat of the pendulum. If we sus- 
pend our deflecting magnet NS, so as to sAving freely, its 
period is 



T:^-2.^ 



K (111) 



where T is the period of a complete vibration and K is the 
moment of inertia of the magnet. In order to find K the 
same method is applied as in Exercise 20, by putting a 
brass ring of known moment of inertia K', on the magnet 
so that the axis of rotation and the axis of tlie ring coin- 
ci<le. L(»t tin* [)eriod of vibration of the new system be T', 
th<Mi 



T' - 9 ^ | K + K- (112) 

^ "" -- ' \ M H ' 

and from the (equations 111 and 112 

Equations 110 and 113 furnish two expressions 
involving M and H. 

M 

fv — A and M H - = B, from which 

ri 
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or on substituting tln^ values of A and B, 



H = 



O - 



l\ 



I " 2K' " (115) 



d \ d(T'*--'P)taiU' • 
It is ol)vi()iis tliat bv this method the value of H uuvv 
be determined in the fundamental units of mass, length 
and time. 

Tlie instrument used for tliis experiment is calh^d a ' 
magnetometer. It consists of a elosed glass case furnislHHl 
Avith windows to enable tin* observer to measure the deflec- 
tion of tlie necnlle bv means of the* mirror which it carries. 

» 

Phic(» tlie deflecting magnet at a certain distance from the 
small needl(» as described above* and observe* the deflection. 
Turn the magnet (»nd for end and again observe tlie 
d(»flection, which will now be in the opposite* direction. 
Repeat these* two e)peratie)ns with the magnet at the* same 
elistance on the* e)ppe>site siele e)f the needle and take the 
mean e)f the four e)bservations as the eleflcction if. In case 
the* length of the de*flecting magne*t is not ne»gligible in 
e'e)mparise)ii with the* distance d, we* may take* ir inte) 
account. Ke)hlrausch has slu)wn that fen* a bar magne*t 
the* distance* betwee*n the* pole*s is verv ne*arlv 5/(> e)f the* 
h'lif^tl) of the magnet. So the forMiuhi for H becomes 

„ ., _ : t K d "~ ~ (11(5) 

■ "\ {'Y' T') {(.{■' [•') tan <s 

In tlie viiiration method the time of vibrati(jn mav be 
ele*ie'rmi!ie*d as in Kxe^rcise* <>, or bv the* use* e)!' an orelinarv 
st<»p wate*h if le»ss ae'e*urae*y is re*(|uire*el. The stop watch 
shoulel he^we've'r be* compare*el with a stanelarel clock. 
How mav the* magnetic me)nie'nt e)f the* ele*tlectinix ma<rne*t 
Im* <le*te»rmine*el frenn the* fe)re*iXoini: fe)rmula*? 
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FORM OF RECORD. 

Exercise 6VA Detennination of H, 



(1) 



Determination of 



M 



Position of 
magnet, 
a 
Reversed 

b 
Reversed 



Date 

Deflection I tan 2 if • tan if 



Distance d 

Length of maj^net 

(d 1) 

Distance D 

Computation of j 

(2) Determination of M H: 

(a) Determination of T. 

(b) Determination of T'. 

(c) Data for moment of inertia of rinj?. 

Mass of ring^ Outer diameter of ring: Inner 

Moment of inertia of ring 

Computation of M H. 

(3) Computation of H. 

64. Determination of H* (Second Method). 



In formula 111, T -- 2r 1 



K 
MH 



the torsional moment of the suspending wire was neglected. 
The complete formula for a given magnet is 

~" 1 



T = 2 ;: 



K ,.1 IT I ' (117) 

where STi is the moment of torsional couple of tlie suspend- 
ing Avire, and c and c' are constants. Tliese relations are 
illustrated in the following experiment. Let a short mag- 
netic needle be suspended at the center of a solenoid whose 
length is at least twenty times its diameter, and whose 
axis is parallel to the magnetic meridian. Observe the 
period of vibration of the needle, first when swinging in 
the earth's fie^ld, and then when a magnetic field due to a 
known current I through the sol(>noid, is superposed upon 
the field of the earth. Let the period of vibration of the 
system in the first case be T and in the second Ti. Th(»n 



\, - IT c + c' 



(118) 



Ti^ 



--^ c (II -h III) -r c', etc. 



1«H 
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Vary tlie current and observe T3, T», Ti, etc, ; also the 
periods of vibration T'l, T't, T'», etc., when the current 
througli the solenoid is reversed. Then plot l/T" as ordi- 
nates and the magnetic field strength produced by the 
furrent-H as aliscissae, tlie latter positive or negative , 
according to direction.* The curve consists of two straight 
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lines meeting at the point 0', Fig. 82 Tlie time corres- 
ponding to the ordinate B is then the period of vibration 
corresponding to tlie rigidity of the wire alone. If O' be 
considered as the origin and the strengths of field be 
plotted on O'x it is evident that O'li is the value of the 
horizontal component of the earth's field, and that the 
strength of any field may be readily determined by allow- 
ing the magnet under experiment to vibrate in this field 
and <letermiiiing its ]>eriod of vibration. Then 

" ~ T'l- e ' 
where c ;ind c' are to l»' substiliilcd from the foregoing 
observations. 

a direction beyond a cer- 
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In practice a storage cell of constant E. M. F. is used 
to furnish the current through the solenoid. A resistance 
is joined in series to allow the current to he varied within 
wide limits. The periods of vibration may be determined 
by means of a stop watch. It may be shown theoretically 
that the strength of field at the center of a long solenoid 
carrying a current I, is 

10 I 

where n is the number of turns of wire and 1 the length of 
the solenoid. The current I is computed from the electro- 
motive force of the cell and the total resistance. 

F<)R.\f OF RECORD. 

Exercise 64- Determination of //. (Second Method), 

Date • 

Dimensions of solenoid : R 
Length 

IX ' •••••••••*«••••••••• •••• •••• •••• 

^^ 1 • 

Detennined from curve : .... 

t i 

H ^i^ .... 



Magnetic Properties of Iron and Steel* 

Wlien a bar of uninagnetized iron or steel is intro- 
duced into a magnetic field the number of lines of force is 
greatly incn^'ised. This becomes especmlly apparent wh^n 
the iron is introduced into a solenoid carrving a current 1. 
Before the introductiun of the iron the strength of the mair- 
netic field in th<* solenoid is 



H _ i " "-i f^'^^* 

To~i 



♦ r^ 



C'arhart, University Physios, V^ol. II, pp. :i6r>-3H(). 
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Afiw liie ititn«luftioii of the iron the tidd stri'ngth i-ises 
to H much higher value. The iminbei' of lines of forco por 
i-ni.' is in this case usually (Ipsignaletl hy thp lett<*r B, and 
is called the "fivx dfUJdty." Tlip -'magnetic permeability" 
!t, is th« ratio between the nuniher of lines of force per 
CMi*. in iron auei in air; il is given in mathematiciil form 

„_B ,122) 

Exercise 65. Magnetization Curve for Iron and SteeL 
It is of interest to di-terrniiie the dependence of B upon 

the field strength H, produced by the current alone, when 

the field is slowly increased from to 30 or 40 lines per 

cm*. It will be seen from Fig, g 

83, that B increases slowly at 

first, then verj' rapidly, then ' 

slowly again until it finally in- ' 

creases at the same rate as H ; 

that is, the presence of the iron 

dfws not introduce any addition- ' 

al lines of force. The iron is 

then said to be saturated. 

The method here described "^^-J — i — j — ' — s — ai H 

is known as the ballistic or ring pIk. >« 

method. The metal is given the form of a ring of uni- 
form cross section, Fig. 84. It is best 
to have the cross section of tlie ring 
approm-h the form of a rectangle and 
the diameter large as compared with 
*'"■ "*■ tlie thickness. The outer and inner 

diameters of the ring must be measured with care, and 

the volume of the ring obtained from its loss of weight in 
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R 



water. The cross section A is readily found from the vol- 
ume by dividing by the average diameter. The ring is 
then covered with insulating tape upon which is wound a 
layer of wire covering tlie entire ring and forming the pri- 
mary coil. The number of turns m, in the primary coil 
must be carefully determined. Over this is wound the 
secondary coil, five to twenty turns, m. The apparatus 

should be arranged as shown 
in Fig. 85. In the primary 
circuit are joined in series a 
storage battery, an ammeter, 
a rheostat R, in which the 
resistance may be suddenly 
varied, the primary coil of 
the ring and a commutator 
pjj^^ ^ for reversing the current 

through the coil. The secondary coil is connected to a 
ballistic galvanometer whose constant is known.* If we 
vary the number of lines of magnetic force in the solenoid, 
the electromotive force induced in each turn of the second- 
aiy is at any moment equal to the rate of change of the 
number of lines of force threading through the circuit, or 

dN • (123) 

dt • 

If there are m turns of wire in the secondarv coil then 

dN (124) 

dt • 

The current i, passing through the galvanometer is 
then 




e — — 



e 3^ — n-i . -r: 



* As the damping of the jjalvanometer may be different on open 
and closed circuit, it is best to short circuit the ^galvanometer through a 
suitable external resistance immediately after the discharge of a con- 
denser. 
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. ^ _ n« dN (125) 

^ r-i dt ' 

wlion^ I'i is th(^ total n'sistance of the secondary circuit. 

The total quantit}- of electricity Q, passing tlirough tlie 

ballistic galvanometer is j i dt, corresponding to a change 

of N lines of force, or 

r, n,N , (126) 

u 

where c is the constant of the galvanometer and d the 
throw. Express c in c. g. s. units. Singe the constant is 
usually given in micro-coulombs per scale unit, one micro- 
coulomb b(»ing 10'^ c. g. s. unit, and tlie resistance in 
ohms, one olim being equal to lO^c.'g. s. units, the 
formuhi becomes 

N = 100. ^^Vr* . (127) 

n-2 

Since B denotes tlie number of lines of force per unit 
area the increase of B correspcuiding to a deflection d of 
the galvanometer when the current is varied in the i)ri- 
mary, . B, is given by 

B ? - 100 . ""^'J. '''■^**> 
A n^A 

To obtain the magnetization curve it is important to 
start with an unmagnetized ring. It is b(»st to demagne- 
tize th(^ ring by sending first a rather large current, say 
three amper(\s, through the primary. incn\'ising the resis- 
tance K, and then reversing the direction of the current. 
This must Ix* done* several tinu's, taking care to decrease 
the current each time before the reversal, until the current 
lias become very small. On bn-aking the circuit tin* ring 
will contain no residual magnetism. A more convenient 
wav is to conn(*ct the primary to th(» terminals of a small 

• I % 
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alternator driven by a belt. Let tlie alternator atlain its 
full speed iiiitl then throw off the belt. As the speed de- 
creases the current decreases, and the iron is as before 
subjected to cycles witli constantly decreasing current. 

Arrange the apparatus, as shown in Fig. 85. Vdjusl 
the resistance so as to give a small current through the 
primary coil. Reverse the current and observe the first . 
ballistic throw of the needle d'l, reverse again and obsen 
d"i ; the mean di, corresponds to a reversal of the currei 
i, read from the ammeter. This is repeated, increasing the 
current step by step, until the deflections increase very 
slowly with increasing current. Compute H from formula 
121, and B from 128, remembering that but Italf Uie averagtid 
dfflent'on iintut be ttiken, since the current is changed eacb 
time by "2 i instead of by i. 

Pint B and H ; the curve will resemble that shown in 
Fig. 83. From the curve it appears at once that /t is not 
a constant, but varies greatly with the degree of magneti- 
zation. 



Erervisf li 



MagnHizfilion i 



ECORO. 

fjTC for iron. 

Date 

. . . , Ammeter No 

Resistance r-i 

Inner .... Average . . 



Galvanometer Room . 

Constant of galvanometer. 

Ring Outer diam 

Volume of ring 

Cross section 

Turns in primary . . 
Turns in secondary 

Exercise 66. Hysteresis Curve for Iron or Steel. 
If inslead of reverrjing tlie current in the previous ex- 
ercise we sliould decrease I by small steps, observe tlie 
corresponding throws of the galvanometer and plot B with 
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d' 


d" 


d 


d/2 


H 


B 
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respect U) H , we obtftiii an entirely new curve owing to 
the effects of "residual magnetism" in the iron or steel. 
The experiment thus allows us to study the lagging of the 
induced magnetism behind the magnetizing force. Thus if, 
in the beginning, the iron were well mivgnetized, the start- 
ing point on the curve would he the highest point to the 
right, (Fig. 86|, and on re- 
ducing the current to 0, 
there would still remain in 
the iron the lines of force 
represented by the positive 
ordinate. The iron is still 
magnetized, but on revers- 
ing the current the value 
of B decreases very rapid- 
ly, becomes for a small 
negative current, and ffnal- 
ly reaches a value symmet- 
rical to that at the starting 
point, when the current in pi^ yt_ 

the negative direction reaches the same value it had at the 
beginning in the positive direction. 

On decreasing the current again to zero and increa.i- 
ing it in the positive direction to the original value, the 
curve will have a form resembling closely the first branch. 
The closed curve is called a hysteresis curve. The value 
of B for zero current is termed the "leDiauewe" and the 
value of H for zei-o B is called the "<-iierclvf ftrnv" of the iron. 

The arrangement of the api>aratus is the same as in 
the preceding exercise except that a commutator is 
inserted in tlie secondary circuit so that the throw of the 
galvanometer may be alwaj-s in one direction. For greater 
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accuracy and higher sensitiveness it is better to increase the 
number of turns in tlie secondary coil. Start wiih a 
value of H corresponding to about 6 amperes. Decrease i 
by large st^ps until the current is zero. . Commute the cur- 
rent and increase it by rather small steps, the variations of 
B being large on this part of the curve, until the original 
value of i is obtained. Now reverse the commutator in 
the secondary circuit and repeat the decrease, reversal and 
increase of the current. 

The deflections of the galvanometer are taken always 
in the same direction in order to eliminate any possible 
errors arising from an asymmetrical placing of the scale. 
It is apparent that the sum of the deflections coiTespond- 
ing to the two branches of the curve must be equal. Let 
the total sum of each branch be m, then the total deflec- 
tion -i'd, corresponding to the highest point of the curve is 
ra/2, and this is to be substituted in Equation 128, 
.similarly for all other points of the curve. This enables 
us to locate the origin of the cooitlinates. Plot B and H. 

FORM OK RECORD. 

Exercise 6*6'. HyHterem^ rurve for iron or steel. 

Date 

H 



Record apparatus as in 
preceding exercise. 



Id \ B 



TABLES 



TABLE 1.- 


-Atomic Weights of Som 




Oxygen 


16.0. 


Aluminium 


27.1 


Nitrojjen 


Cadmium 


112.:i 


Platinum 


Chlorine • - 


35.45 


Potassium 


Copper 


- 63. « 


Silver 


Gold 


197.3 


Sodium 


Lead 


- 206.9 


Sulphur 


Mercury 


2n0.0 


Tin 


Nickel 


- 58.7 


Zink 



14.04 
195.0 

39.14 
107.93 

23 0;"> 

:j2.(m 

119.0 
65.40 



TABLK 2.— Densities of Water at Different Temperatitres- 



t. 


d. 


t. 


d. 


t. 


d. 


0'^ 


0.9998H 


11 


0.999H5 


21 


9980(i 


1 


0.99993 


12 


0.99955 


22 


0.99784 


•) 


0.99997 


13 


0.99943 


23 


0.99761 


3 


0.991W9 


14 


0.9i)9.30 


24 


99738 


4 


l.(MH)00 


15 


0.WW15 


25 


0.99713 


5 


(1 99999 


16 


0.999(10 


2() 


0.99688 


6 


lHm97 


17 


0.9<>884 


27 


o.mm6i 


•* 
1 


0.99993 


18 


0.99866 


28 


0.996,34 


8 


0.99<>^W 


19 


0.9<»847 


29 


0.9960<$ 


9 


0.999S2 


20 


0.1MKS27 


30 


0.99577 


10 


0.9in>74 
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TABLK III.— Densities of Various Bodies, 



Alcohol at 20='(', 0.789 

Aluminium 2.o8 

Brass (about) 8.5 

Brick 2.1 



Ck)pper 

<:ork 

Diamond .. . . , 

Glass, common 

'* heavv flint 

<;old ^ 19.3 

IceatO^i; 0.91 

Ii-on, iiast 7.4 



^.92 

0.24 

3.52 

2.0 

3.7 



Iron, wrought 7.8<) 

Lead 11 3 

Mercury- at QFC 1^.59H 

Nickel 8.9 

v^aK..... ■■•..•. \i. o 

Paraffin 0.90 

Pine 0.5 

Platinum 21.50 

Quartz 2.«5 

Silver 10.53 

Tin 7.29 

Zinc 7,15 



TABLK IV.— (\)EKPICIENTS OF KLASTK?ITY. 



SubstaiKM*. 


Volumt* ElHMliMty. 


Siinplv Hljrldlty. 
n. 


Young's Modulus. 
M. 


Distilled water 
Glass (flint) . 
Brass . . . 
Steel . . . 
Iron (wrou^lit) 
Iron (east) . . 
Copper . . . 


.222 . 10" 
3.47 to 4.15 *' 

10.02 "10.85 *' 

18.41 

14.5H 
9.fi4 

10,84 


2,,^") to 2.40. 1011 

3.44 to 4.03 '• 

8.19 

7.H9 

5.32 •* 

4!40to4.47 - 


5.74 to «.03. 10" 
9. 48 to 11.2 •' 
2Q.2 to 24.5 " 
19.03 " 
13.49 " 
li.'72tol2 34 •* 



TABLK v.- Moments of Inertia* 

Uniform thin Kod, axi.s tlirougli middle, 
longtb -- / . 

Rectau<?ular Lamina, axis throu<i:li center 
and ^inrallH to one side, (i and h leiif^tl] 
of sides, (I the side bisected . 

Recta nirular Lamina, axis ihroucfh center* and 
in'iltni(1i''nhir to the plane, n and /> len<?th 
of sides ....... 

R<'Ctan*j:ular Parallelopiped, axis tlirou^ifh 
center and jterpeadirufdr to a side: '/, h 
and f len<jclh of sides, axis i)erpendicular 
to side contained by (f and h . 



I --- M 



I M 



li 



f/- 



I M 



I M 



li> 
V2 



17H 



TABLES 



Moments of Inkrtia.— {<.'ontinued). 



Circular Plate, axis through center per- 
l)eiidicular to the plate, radius = r 

Circular Rinjr, axis through center perpen- 
dicular to plane of ring, outer radius -R, 
inner radius ^^r ..... 

Right Cylinder, axis the axis of figure, 
r— -radius of section .... 

Sphere, axis iiuy diameter, /-r^^ radius . 



I = M 



T: 


•^ 2 




T--M^^ 




a 



TABLK VI.— Boiling Point of VVATi-ui Under Different 

Barometric Prerscres. 





.0 .1 .2 

1 


.:j 


.4 


..'i 1 .« 


.1 




.« 


• 


98.r)0 s»s.r>4 i)H.r,s 


WHAW 


98.65 98. ♦19 98.73 


98.77 


98.80 


98.84 


a-T.-i. 


1W.8«: 9S.92 t>H.JM» 


s)^.m 


99.0;{; 9<).07 99.11 99.14 


99.18' 99.22 


t74. \)\).'i{\ m:M) \)\vx\ 


m:Xl l«).4l' <H).44 99.4«, 99.52 


99.5H 99.59 


17').= m.m m.iu w.Ti 


99.74 99.7S 99.H2 99.85! 99.89 


99.93 99.9H 


57«). l(M).0() = 10(M)4 100.()7!UX).n KK).!;") KM). IHj 100.22 100.2() 


100.29 100. ;u 


577. ;100.:{0:I(M).40 100.44 lUO. 47 100.51 IOO.'m I00.5«:l00.f)2 


100.65 


100.69 













TABLK VII. -Specific Heats. 



Alcohol (17 ) 


. 0.5s 


I ron 


15 HM) 


. 0.11.3 


Mt'n'ury 


. o.o:u 


L«'ji(l 




. 0.032 


Turpentine 


. (».4{ 


Xi<*k»rl 




. 0.11 


Brass 15-l(Mr 


. 0.094 


I'hitinnni 




. (J.0.32 


Copper 


. (h094 


<Juartz 




. 0.191 


(Ilas.s 


. 0.19 


Silver 




. 0.0^57 


Cold 


. {)syxi 


1 in 




. 0.05(» 


l»'«' 


. 0.504 


/ine 




. 0.094 
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TABLE V III, —Electrical Resistanck of Mktals. 

(a). Specific conductivity, referred to mercury. 



Aluminium (soft) 32.35 

Copper (pure) 5tt 

Iron 9.75 

Mercury 1 



Nickel (soft) 3.14 

Platinum 14.4 

Silver (soft) H2.« 

Tin 7 



(b.) Resistance, in Ohms at O^C. of wire 100 cm. lon^, 1 mm. diameter 

Kuto of Chunurt* In Uestst- 
«nee |)er lH»»?ret' (Vntiffrjidf 

Aluminium 0.03fi99 0.(K)388 

Chopper 0.02002 0.003«8 

German-silver 0.26«0 0.0(M44 

Iron 0.1234 0.00055 

Mercury 1.198 0.00072 

Platinum 0.1150 

Silver 0.02019 O.0O37T 



TAHLK TX.— Numbers Frequently Uequiked. 

1 cm ^^ 0.39i]7 in. 1 in. =-- 2.540 cm. 

1 mile - 1.61 km. 1 km. =^ 0.6215 mil(». 

t: := 3.14159. lOgr rr 0.40715. 

'-' :r. 9.8696. log r« - 0.9943(K 

Basi.s of natural logaritlim.s: e -= 2.71H8. 

loge -^0.43429. 

Factor to convert common into Naporian logs. .. .2. 3026. 

Density of air at CC. under a barometric 

pressure of 76 cms. 0.001298 gm/cm**. 
Coeflrtcient of expansion of air . . 0.00367. 
Velocity of sound in air at C. . 332.4 m/sec. 
1 calorie — 4.19 X 10^ ergs for water at 15 C". 
H(»at of fusion of water ... . Ho cal. 

H(»at of vaporization of water . 537 cal. 

1 atmo. pressure ^= 1.0132 x' lu*** dynes cm*, 
g at latitude 45^ and sea level ~- i)H0.63 cm/sec-'. 
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Slate School of Mines, Rapid City, S. D. Pkrts L and II. Third 
edition. lanio. $1.75. 
I firsi pan ol ihia book, as tndicateil by ihe litle, coniiau oF Laboritory Noiei 
B«|iooef« Course in Qunuliuilive AnallsU. H eoosidan ibo subioeu of 
mcKii: jinJ Volumelnc ADBlyiis, (or beninneri. br meana of Ibe cbemical 
■m mF .< ^^t ^f subMancM properlir nun^bared, ia mcIicub pvini ibn meihoJa 



The " '■ ■ 
. Mlcbik < 



I sutiieci ol guanituiin Chrnii- 



inch ai lbs tnalrsi* ot JiinntDne, iron ores, maDgaoeic oru, «(cel. [he inalfti!' of 

coif, w:i(*r, mineril |i<iHphiii<ii,iine[iliiiE eiB>, Jead lUc coppsr, utieaic. biiiiiuili. 
eio. A ciiipiaton reiKiinii caucludes il» work.— /'hnr'Biwmulifnt tlra, 

D'OOGE.— //rr//> to Ihe Sluify of Clasiisal Mythahgy; far the L,<wti 
Gradri and SetonJory SiMnils. By B, L, D'Ooge, I'rofpsior in Ihc 
Micliigan State Normal Colleye. ismu, iSopi^cs. *Clolh, 45Ccnls. 

Midik.ii' --■:■!. A> Ihemytba of nil u..i> . ..'.,i.- ' :]r m-cKi-s 
finiiM.. .. Ml.] iliicdinliisratUfr. i« --.if 

"be'/..! ■ X»ullir'KI''B» hill" (o- >- ■ ■ I'llie 
lo*ei i;i .■■■ -«iPifin me bod* or Ihr «..,■. ... .n.lia. 

DOW.— Ok///<i« fli"/ RtftTeitets in Jiurefean llhlary. For Ihe lUe 
especially of Sludems in History i and i, UnUersiiy nf MichiijDii. 
Pan I. Ktom ilie Fourih to the Ninth Ccmury. By Earl« WilUur 
Dow, Univenity of Michigmi. 43 pag^s- Pdnphlel. 35 cents. 



DOW.— C)«'l'A«.« flH^ Htfirtn^ttin Kur.'p, 
especially of Sludenisin History, 1 and 
Pari II, From Ihe Ninth lo Ihc Thir 
Wilbur IJow, Universily of Michigan. 



Ill UUix'ry. For lite iit 
i, tTliiversily »l Michlgaii 
tealh Ccnlury. By Karl 
66 page*. Piniphlel, 3 
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The Ga*e> ara 1 
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wbHt M 



• •ub|«ci 



■ijieciJilly HU'Uctorr < 

Hod t "Ot ulreidir wiila ■ uleciion ol cam tor iho asa af vyj claues in the Liiv 
Sr.nosl c[ ilie UDJTeraiii'tit Mirrland, I tbotild unliriliiiinit} oleci thii birok a* ■ 
lem-baDk (or Ibii (ubiaet. A< il U 1 tiid ihat I am usioR Hvaral uF the catBt 
•ilsciid bfMr.DHrir. and have b»H tor aomalJiH. 

IIENKV STOCKIIKIDCB. 

Bitlimoic. Ud. 

■'CaBaa no l*citate IniimaiiDnal Law ". br Dw/ei. t im much vlB*>*d>>Ub (ha 
idsclian ot canas, iiul lUlnk Uic loplu cnveiB'l by iti* cam an ilinu at mnti 
inicreii lud ini|>nr<Mu* in conitai'.iion wiih il« aublest ol Pilvai* Icwroxioiuit 
Law. 1 bive iiukIii I'fivaie IulB(aal[uu«l Law by invansol laclufe* tor several 



te iuitB of tbi imt^sliy Id tb» s 



tnivi ColJaBP at l.aur. 
1 '- Cocs on Priv.lf InicioiluniiL Lew ", and 
Klsd. TlieaDlllorbiBiueceBJad in ptts>niinit 



DWYER.-/,.ia- .»«./ Pi-eiednri «f UmttJ S/aU> C-mli. By Jol.n W, 

IJwyer. LI- M., auiliiir of "Caies on Private tnternntJcnial Lnw." 

Irislniciot in thr Law Ucpartment of Hie I'nivfraity of Michignii. 

Svn. 301 pages. Ilountl In Buckram, (1-75. SliCEp, 53.50. 

Tlia pDtpoia ul ililt wDik it Id Ki»abnEt andcDuciie ■uiBineBt at (he oriiinira- 

tliiD. lurisdjcilDD and pneiice ol itisviiriaii«eiiuri«af nutDa^onal KDVernmeat.^ Ii 



Ludvnii in lav scboolB, «lud«iil: 



TDcwii Blili*. SimllBilr, 1 



Aibaif L.n- Jaumat. 

T3ZiaSE.Yi.~-Malh^m.>lual Tkeonti of Htrnttatf Mt^lhni. By Dr, 
Olto Diiobek, PrivBtducenl in the Royal Technical High School of 
Berlin, CharlolleaburE- Tranrimed by Mark W. Harringlon, ita- 
nierly Chief ai ihe Uniled Slates Weather Rutcaii, itiid Professor of 
Astronoray ■^l^ Direclor of the Obaervulory at Ihe ihe University o( 
Michififtn. Prcsiiient of Ihe University ol Wiiliington. anil Wm. J. 
Husscy, Aisiitant Professor of .^irODomy in the Leland Stanford, 
jr. Univereily. 8vo. 194 pagES. 83.50. 

laandfiir'I^Jlt. :md ;>ls^> on acvounl of tie influence TthHi'euri'ed nn IbE ^e«Blo" 

f°l. :i"i .' liiit^veaisolanielTdetenDined Ihe course of advincii 

inL.ii, .'nades. Analyileai mflGDiQia.bnti'ioiriE villi Nemon. 

lirobl..m. jij[( tri lEirn, aiialvlicil mechanitB has been w sujCEeiliTe in method u 10 
ilEiBiminc UrKcli bntb ilie iliCECtian and rapidity dI the idvaDCBmeni of miibBBiai- 

d fining the dJEOtiT ot its object, all pnint to it t% mast soliable lor tliii 
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ittMB in this field. The 1 
airicH* iciantiRc miDDei 
.ntre™irkahlr.iniplean 



tn^sad Ripltr'a i*w. The an^Mr bsa Hideairond ti 
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FAHRAH-DWYER.— faj« ^n rAr Lmv <>J Uuihand and H'i/t. By 
Allien J. Faccah. Dean of Ihe Law I>epa.tliiicnl of the John B. 
SicHon Universily, Deliind, Florido, and Jolm W. Dwycf, aiiihor of 
Cues nil Piivste InlemBlionBl Law, and Itislniulor of Iaw In Itic 
Dfparlmciil of Lai* uf the Univrrsity of Miohigan. S«o. 48S 
pages. Buckranw Sz.jo. 

FLORER.— W Cui-Upt Ihf Study .->/ Ktehl'^ Murg .Vnd/.t and ro« 
JagemnaiCs ijn-mait Syntax. By Warren Washburn Fliirer, Uni- 
vrrsily of Michigan. SB pages. I'ainphkl, 30 ccnu. 

FLORER. -JilMiai Sfifclioiu /Of fffgiann. In iifrm-m. W,ili w..i'l 
lial. By Wirren Washburn Flnrei. Universily of Michigan, CInlh, 
SM pnt;cs. 40 vtMs. 

FLORER, CuidiMllf't^ty of Bihlital Sttf.lm». Containing quest i cms 

fnr cMHvprsaiion ntiU En.mmsr litill. By Worren Wa.hbum Flocer, 
Uiiivemty of .Miclil^n. In pIC&^. 

FLORER.—-/ Guidr fxr ikf S/u.iy of lltyM's t.'Arr^bbiala. With 
9ue»tiona for Grammar Review. By Warren W. Floret, Univeniity 
uf Michigan. Pamphlel. 3o paees, 3o cents. 



FORD.— r*f Cranial Nrn/ts. ti pairs. By C. L. Ford, M.D., laie 
ProfcEEor of Anatomy and Physinlc^y in Univenily oE Miehigsn. 
Chart, >s cenu. 

FORD.— Clanijiiittipn ef Ihf MesI /iiiffrianl MuttUi ef Iht Human 
Body, With Qrigin /Hierlioti, .Vnvom Supply end PriHiipnt Ailion 
.>/ Ea(h. By C, L. Ford, M.D., Ule PnifEMir.r nf Anaiomy and 
Physiology in the University of Michlgtn. Chart, ;o citnts. 

FRANCOIS.-£ri Avtnlurti Dil IJ^mie, Abtn.,-r„st P«r amUanhri- 
■nil/, Ediitd with Nnlti and Voiniuhi 1/ . By Victor E. Ftancoi*, 
Instractortn Freuch in the I'nivecsity lA Mlcliigan. I'amphlet. 35 

Q^K'V.—OHlliHt uf Anatomy. A Guidr to ihi Jlhititifn ef tht Ifumttn 
Body, Based vn Cray'^ AnalKmy. 54 \*^*. Ij^therctte, 60 CeitU. 

TliB obiccis or Ihe eutllne trs \o interm ttis mudcnit what t(rufitui» ar« (BUtrf 
in each tscinti and where Iba itencTlpliiin of each ■irnciuia it touliil in Qray't AAb- 



GREENE. — 7'<1'- Aiti^n 0/ Multiialt Uadei Stteii, or StrHtluntl Mf 
ehanin. With examples and problenu. By Charles E. GrecDC, 
A.M.. M.E.. Profewor of Civil Engineering in the University o( 
Michigan. Consaltlng Engineer. Octavo. Cliith. ^.00, 



1 tnd !itrtiii, Safn Wotblnc SitfeMCs. InMrml Stmi; Cbin« of 

»>; l'in>. Kiii'^lovt: hoilscB, Fiptii, Dooir. f liie Cird«. tanti 
LlfUinini Wall' SpxDii*' fliie!. DtiatU III Wootl and li«D. 

BERDM AN-NAGLER.-^ LabarnVry Mnnimt «f Ele,ltolht,«peuti„. 

^ ft^ Willlim James Hrrtlm«n, Ph.B.. M.II., Pnifcnor of Diicuc* of 
the Nervooa SyElcni and Elccirnihernpcutic!!. Unlversitj' of Michigan, 
and Fnilik W. Nsgler. B.S„ Instniclor In Klccrrolher.i.eiities. Uni 
vnsily of Mict<<eAn. netairo. Cloih. 163 |mgcs, 55 illiiiiiratioiii. 

I ttbii been flui i»p«tlBDce ihii ihe konwledige reqnirad b^ Uib aiudont of iDvdl' 
■t MDMrninf eleciriciiT anil in nlttion 10 ■aim*l aronamr i> Iwii Mquliad nt 
lalllrariuor; malbiid, ai iliat niclhodot loMtUcilun eodi principle i< lnipr«i»d 



It Mperienc*il noilins 10 ita« fiiM whinb iiweJi* 10 oulilvau,— (^riimPreraei 

IlILDNER-DIEKHOFF.-J/cf™'. tmmtnitc. Ediie.i by Hildnc 

and UieklioK, University cf Michigan. Cloth. 70 piges. 3 



16 

|HH«. ijcenls. 

HILDNER-DIEKHOFF.— /'V^rWii Ju JaurmtlisUH. With ii ales and 

■ V lonsrlian Hildner and lotilas IhekholT. Dnivenily oE 

luih. 174 pices. 60 cenla, 

I HOWELL.-/'/' r^/iwij/.riuWK/O'ir tV^riiH FAyshUgy fvr tit Uit 

*■ if Mtdicn! a.turi. By W. H. ITowell, Ph.D.. M.D., Profeiiof ol 

Phyaioli^y and Histology, Pamphlet, iit pages. 65 cent*. 

BER.— Z)ir«f(.-nj/,/r W^rk in thr f/hl.<hnual Laborattiry. By G. 
Cut Hulxr, M.D., Asaislant Professor of Histoli^y and Embty- 
otogy, Dnivcnity of Micbignn. I'Kird edition, revixcd and eniargEil. 
OciaTD. ao4 pages. Cloth, $1.50. 
ia adapted f»r cUmo* In madical fpbooltand alienliEre wbere il i> dnIraU to 



-.>■!. .I- ..IC [•■■Ml ..-I-.. I i.ll.l l.l.:ni-« — J.IU..1.I1 ..) i:iltAtMHttMt 

I'tiiiii linle booh Dr. Ilober bai liran ui a nodelnianal o( m<Erc»CBpl»l leoh- 

h) <b> UbDTiMrr nindy of liliiDlwnr. Th« ■utijaet n«it«[ It dliridad into oon- 

■miobapien. oemmencing wrib the cell and call dliiiion ( katrokineals) in plant 

■ Ulltlial life, and craduaUt dcveluplui;. bv can alaias, ihs man ceinplsa l»iu« 

^' — — ' '-- ■ — :eiable orKanixii . Buween saeb l»snn hiank pagB* >r« Inlet. 

., . ...... ....p objecmeaoby bini wiib 1 p«acll 

u lbs ■FpwraiTC* aad Gliaiacleriiilei 



OF ebf^t* man ArralT an iba nlnil llun drawlaR thsm. sidMr fraa-haMI «r nMI 
cinitan lucid* (Uib tornet bsinit ptelerahlB. as it cdncilei the hinit and eya}. WI 
Dieli subject li Riven iha soutcs and orfftin, ibc bui in«ihodi tcr abnininc aod pi 
pariui i[, and aitcntion i> called to lUa moil nDleweiiUy or chaiacieriEiic poiUH f 

The aicond part ct Ilia book i* dcvoiad IB tnciliedB ter labariiDry wotki lotM 
lBi!. tairdenioK, dfcalciBcHiioo. etc., otihe matter in aroH; >nibBildliic, isclieDin 
siaiolni; and maunilna, ale. The bcsisuint. willi maibodi al prepirGic Ibe uiu 

wbicb ii intended, it slated, as an aiitr munnire lapplemsautr lo a count 
loiei on hisislOET. 

We canxratulale Dc. Huber on (be (kill wllb whIcA be has davala]>«d It. 

and (he didactic meibodi whicli ha has (mplcyad. Sucli ■ book cauUDI boi prera 

IatuU MeOitat and Swwon'i Journal. 



JOHNSON— AY-wrti/fK/M* iuu' .■/ Ntgoliabtf dmtuun. By K. 
Johnnon, B.5., LI^M., tormcrly Prafessor of \xm in 'Am tlcpiirtm 
of Law of the Univeraity cd Micbigkii. Bvo,. 735 pages. Full \ 
sheep binding. t3.7J- 



Ik"l,apRii(!ili''o'no'ni*'fo reSembw'VbfH! 



ir'i HowSr^iii 



inc toal«cko(a«ufficieninnmberD(copioaotlndlvirlU(i1casp*. Tlip "oly aoloill 
at ihit diftculiT leenii to be to place in Ibe bands el mr^ sluUenl ( 'olliaw eonui 
IDE the risiited caasi. In ibe ubie el caaei willbe lanndmaDyleadiniicakHprinli 
in bUck ijpo.— Fyom Prtfaee. 

KIRN.— it/V"" " i?"''"""/ Dtmand. Hy Ke> 
130 piges. i3aBO, Sl-oo, 
Ilia really ■ bscioatiaR (heiue, paniciilaily 10 ihon 



, U. ]. Kirn. M.A„ni.I 

htliil and Inirlligtnl paapl 
im biiok.— EvantwUcalMt 



rbe iiyle >" ramaikably plear and iet)e,— CAru/iai HarveiHr 

ChHic'h ildvataU. 

Tbe anameni is wati auilaknad: every pnint li met witb candor aad Umai 
•nd Ibe CDDoluiiona are clear and atiODK if not unaiuwerable. — Idtlkidiil I'ttttita* 

LEVI -FRANCOIS. -C««/ie«/ B<,tid ,>» t^.-i «»./ ^>.,ntai 

37 l«i;«. 1'iimphlet. 3; cenu. 

LEV:-FRANCOIS.— ^ A/m.* Kiadrr f,; B^ginnfr,, wilk XtM ». 

Vo.-.iliui.try. By Moril]t Levi, Asiiilant I'mfeswirtif French, Ulrffl 

sity of Michie«n, and Viclor E, franooU. Instraclor m Frendit Vi 

versiiy of Michigin. la mo. 361 pBgu. $1.00. 

Tbi* reader dlOan from iu niimerouii pradeenaers in several leapecia. Pit 

betoR aware Ihal alndenli and teaebais In ibe Prtncb <> well •■ in ihe German 1 

paninen»al blicb acboali and rolleiteii are heuDiuin« lited at uanatailnt avwk 

□teiBiain itaeunieald laJry ulei, Iha editors bave avoided Ihem and lalwtad *«< 

Inlerettliii! and eaiy tboil aiscic). Th*r hate alio *upproi*ed ili* poetic leleefii 



n lriulAl«d in ihe cUst rsDiii. Plnally, IhejhaviMerclicUiIiecieat- 
teDch wmd ImiriK roUovrsd iiol only l>f ill primitiva o( ordinary mcin- 
y Ihc iliffereui Engliili BqainlBilIt wbii^ iba tin Icuaim. Alice 
ibUoq. oe eoDilder ihli riader ai oi>< o( Ibe best on iheiAraaHcau 

.YD, — Philmofhy of lliitpry. An Intndmtiim te tht PhUiuepkUal 
Study ef Pelitia. By Professor Alfred H. I.loyd, Uuiversily of 
Micbican. ismo. 350 pages. Clath, fl.DO. 

. valumc dDiiiled CifiifnMi/ and SaltaHaH <iS97J. Tba piateni ti- 

.' ■ Mi'iMcs w'^^ooda'nd tviraVrha Ztat M°a'^ne »hieS 

I > ,!■, well atia ihesgcaii<l pars dF Ihe boak aeaccand ailua. 
.. . : iMii DbaiasDl hiiioncal dcTglopmant aboua-]. Tb« Am part 
■■■■■< ili>cu*B<D|:Tin». Cauuiinn. Ihe tadiTlrfaaUDd Naiuteas 
, lis lUe mosO valuable."- Tfe Phihsofhical gtt-ir^: March, ,mo. 



at ■■uiloiM bul PrafBstor Lloyd wanlK no to jto dacpcr 

.irfd Id iIu biHik all will admii [bai ii l« w.Iiisii with nnut 
. i"dwi(liaHnritradairaloiacuiicila,aslar aapoutble all 
<i.'tliui].ii ifbecauaa ihaiearediSeraneei that can ooi be 

. '.^alenccniid ineenoily cemblned.-'-^^iiMi/i V* /** Attri- 
, :..,i;,iHdSwialSfunn,ii*ich.-<)ao. 

tVMAN-HALL-GODDARD.— yf/^/^ru. By Elmer A. Lyman, A.B.. 
Edwin C. Goddnrd. Ph.B,, and Arihiir G- Hall, B.S., Insinicli.t- 
in Maiheniaiics, University of Michigan. Octavo. 75 pi^es. Cloth, 
go cents, 

ATTHEWS— ^r//ii*«i 0/ Uilurti an Pbarmaietogr anJ 7'hrrapni- 
iii Iht Univtriity of Mirkigmi. Arrangfd Eifmially Jar tkt 
■ aft hi Claim Toting tht Wori in Pharmaio/aff ana 'I liet,i 
ti<i nl tht Univtrslty of Stiihigait. By S. A. Mallhewi, M.U,. 
Auislani in Pharmacy and Thetapeulici, Univereity of Michigan. 
[14 pages, Jl.oo. 

CANDLESS.— /■«A»/ar Auafyiii 0/ tkt Lav <if Real Propirty, 
fn/lBwing Hlniislfne. Arranged by I,. W. McCandless. tg charls. 

Quaito. Cloth, ti.so. 

^Xbla iu1y<l> follons Honk 11 al bla<^kBIDi>e. aod will prora a very valoaMe aid 
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b*b«*nU*c«iMM>4*dM4**iranM Uk* le ■•• hli unik i 
ool ODir Ifaii UnlrerailT of MictaUm bnl la (II Ibe ludloR tnw 
Pot tbe benafiioflhnm wha hate r— ■■-' ■' ' • - 

buaud *□ iliat llie sniiis tublect tn 
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ffi-arj fff SludtHl lil4 
Jill! Orgammthiu in tht Umivrrrity of MuAifan. Anielcr 



The a. «fM. i 
ifitmu in tkti 
ilien of the Faculty snd by prominent Alamnty 



Si-50. 

MONTGOMERY^SMITH— i^<'..MV^V M«nual 0/ EUmrHinty CinH- 
i'/iy. Kjr Jslicj. Miinijjomciy, Ph.fl., I'lnfcssor of Natural Science, 
Ann Arbnr lligti School, and Roy B. Smith. AtEitlint Prwfes- 
sut in Chcniical T.al>»r3l«(y, Ann Arlwr High Schcxil. ]1 mo, 15a 
|)ngeii. Clath, tl>cu. 



iiJ'b 



>l «iip>rlence ot (no instrurton in tJiO Ann Aiboi Mlfh SebMl. ll 1* 
nlricieil lu )i>cti wark u mt) b« doux b^ tbs «•■»» blub acbDul papil. 
u(nl> wbicn Br* diiecied ura given niori tonisble Aeiludeollo catBpni- 

itbodi o( imlTiical (hucniiiiy ttian to icquirs Mtiicol^r piaticli '" 

thomi«l »ii»lv»i». Tbo woiK 1*ollarirtoii*cil by mlfiun " 



;iK 



kpprsciiEBd if Ihe bsitlnn 









by F. N. Cote. Hi.ri,, ftnmerly AsilMant Profenor of Mathematici' 
in Ihc Univenlty of Miclirgin, E^fesuir of Msihcnwiicii CoInmlKa 
Univctsily. 8 vu. 301 pages- Cloth. $3.00. 

NOW.— Zrt*<""f^O' "'"''* '" i'llyii'lisiial Chimifliy. By F'reilenck G. 
Novy, Sc.l)., M.L).. Junior Piofetsor of Hygiene >nil I'hysiologitwl 
Chcniitlry, Univeisity of Michigan. Second edition, revbed and 
enloiged. Wllh IronllspleCi: nnil 24 illustntiuni. OcUvd, ClOlli,, 
•3.0D. 

.1,0-,,.^ ,(.=..,(...., ...,>,.lMl..-...^>ic.-... ,.(„.„.1n,^.l ,1.^..,.^,...-: un^lOM 



Importi 



MM indlM of Ihe rnedf cal CDtfl- 



MdRTowth at Ihii t 



II Ibat ptORruB in 



1 cbleflf b. 



en II i> rspreuDtaliva It tbs 



ii almiHI wholly rt 
iledie ind is rcpliw irilh inlonniiliBn of vb 

iu« bclmprepared IS wcilE SDcb abook ll _ _ _ _ 

lb orieiniil wDck Id ib<t field.— rhK Mtdleai BuKtl-u. fh'InH liMa, 
ihla Is > (Tullf enlarged edition of Dr. N«v)i'i work on PbytiologunI Cli«ii)iiiii]>, 
■ad comaini a Urn amouni of new mitnial aal (oand Id the totmer ediiion. It i> 
deaiitned ai a teil-bnok and (nide (or ■ludenti in eiperimaolal work In tbs liboiB- 
tory, and do» noi theretors cnver itao uii»,*reun<l *> iho wotliiflt CaRiReB, Lea. 
anij oth<T itixh"" or t>ni>k! oa physioloeicqrcheniiHrT, Asa laboraior)' gnide Ii 
aJioLiiil he .ido|jicil In cur merticai collei!B5 ihroiinhoni lliB eounlrj. becauie il i» an 
:.i ..r,- ii'i ... !i .III .-tiiiiis and dsicriptioDi as have been 

.1. <-<!, Biiik. a; d urlDC, Chaplcr if, 

'I. LI.. I..: i.iiric and a tot al raBcanu.—Jtm. 

KOVY. --/.aiaratory Wort in Hailrriiihgy. By Frednick G. Novy, Sc- 
i I., M.U., Junior PmfcsHir of Hygiene and Pb/iiolc^icnl Chcn.istry, 
Univrnil)' of Michigan, Second eJitiun, enliiely tE-wrtlten and 
enlarged. 563 pages. Ocinva. S3.00. 
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ROOD."Om Auathmttilj. CiimisAmenli.Jude'Hetiti, and Exfcutimt. By 
John R. Rood. Univenily of Mlchigsn. 'I'he table uf cnntcat^ 
Utile ui aax.iL, and lexl cover 1S3 piM;e6. The tFitJiii({ and itltutr*- 
tiv« fuses *nd no(e) i.'over 514 pages. A vety full index has bwn 
coiniiresscc) into 3b pases. Tobd 733 pa^s. I'hc two b«alu 
iKiuiid Hs one. in buckiam, for one ptice. $3.00, Octiivu. 
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SOLIS.— 7V Ditgneiisof Diitaui «/ «<■ Card, Laiauon of I^Hmu, 
By Dr. Gtauet. Translated Ity Jeanne C. Solii, M.D„ Ueraoo- 
itrator of Nervaui DiKases and Electnilliereapiiitici in the Ual- 
versiiy of Michigan. 9S pages. Cloth. 65 cents. 

STRUMPELL.— 5^*^'/ GtdJifor Ih* aitiial Eiaminatii-n afnuitmtu 
<."oin|>iled for the Practical Studenis of the Clinic, by Profeasor Dr. 
A'iolf Striiiiipell, Director nf the Medical Clinic In ErUngen. Tnu- 
laied by pennlisian fmni the third German edition, by Jus. L. Abt. 
Cloih. 39 pagei, 35 cents. 
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bUNDERLAND.-Onf fptanrJleok Each Day. Potmief Itopf and 
taith Sslecteil by J, T. Sunileriand. Thinl Ediliun, 16 mo. 
While Binding, 30 cents; Cloth, 41} oenls; Full muroccu, 7S ccntt. 

iBUNDERLAND~ff™«''/CBW. Somt Th^tugkU md a Bri.f Praytr 
f0r Ea.h Dny of Ikt Manlhi. litiigiud at Daily Helpi in the 
Higbir L'/t. Compilad by J. T. Sunderland. While Bitidine, js 

WARTHIN. — /ViffrtVa/ Palhelegy for Slmdenti end Pkysuians. A 
Manual of Laboralfty attd Peil-Mertem Tfthnic, DfiixneJ Espt- 
aatly ftr Uu (/u e/JuHior and Seninr SluJenU in Pulkotttgy at 
Iht Vnh'etiity of MKhigan. By Aliired Scolt W»fthin, I'h.D., M. 
D., Iniimcior in VuttvAogy, Univeniiy of Michigan. Octavo. 234 
pAgea. Clolb. Si -50. 
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I WARTHIN.— .7 Bta>it Book for Autopsy Froloisli. Second Edition. 
By Aidred Scolt Warthin, M.D., Ph.D., Assistant Professor uf 
Pathology in the Itniiersity of Michigan. Bound in Full Canvass, 



Klli'ia"t 



's.'^rr.r/.; 









W hT^y^-^Tablit for Iht CaliHialion tf Simple or Cempouttd Inttxti 
tnd Ditfount and lit Avtraging of Aiiounti. The Values of 
Annmlifi, Leaift, InltrtsI in Eilo/ti and the AieumulatioHs aiid 
Valuti af IneeitmrHtl at Simple or Cmnptnlnd /ulereil fat- all A'alei 



and PtHodi; aha Tablet for IMt Cott 
of Slotks and ffoHdt. With full " 
C. Watjon, Ph.D.. IJ..D. (?u«n< 



■■n7""«"»Ji'^1";'J*/rMi 



id cleiiT aiplmiliont of (ha | 



Thli boei 
Ptetewor W 






uihoT'i cireful lupttvliln. 

e niHbcid of HclatiflD of tuch 
«tr»T Df praciiMi aMmplM 

n ib'i! ut« ot buuoeii, Uia 
la ulealiiion »hleb ha nif 



WRENrMORE-GOULDlMG--.-( TtxI-BfPk k/ Elnncntary MitXem- 

i.-,p/ l),,,\omi; {,;■ U,^ ,ii O^if or Sihial. By Clarence G. Wreof- 

morc. B.S., C.fe,, ami Herbert J. Goul'ling, B.S.. M.E-, Imtroetor* 

in OesctiptivB G^omclry mii) Drawing at the University «f Michigan. 

Quarto. loa pa^es and 1(15 culs. St.oo. 

ThiF book I'i iniunJcd tar ■ tnwiimcti couiM in ElenwuliTf Hoctunjcsl Dnwinc 
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Mileilals and Inuniineuti^ the lecond chanter, 

hupiei, Pancilinit Inklnt, Tlotint; (aunh chap* 
.ju.,.ior. Toeili of Ci»h, 

« Mphabfhfof OJitt and Sihoel. Selected bjr 

B.S., C.E., Insinicint in neicripii*e Geomeny 

:rsity of Michigan. ObloDi;. 19 plalea. Half 

leather, 7j cents. 

REV. J. T. YOUNG— "/l/"r«,/n/4W.- //. OHgin, D^-triHTi. 

" " ■ ' 7a pages. 35 cents. 

i-Mr 11^ ill Iiaud and vMlainy. ihai ill dtic.. 

%\r ■■■^ \a iha l!ni(*d Si«(ca ii a polliieal and tUi' 

r|.-. "- .'.'nib Bi bad ■■ Ibis hnnklei r*p[BUBta,lb« 

TT, ,1 - rinl,od oui long tto—TktStanilaTd. Chitott, 

SouvLiiir nf tlu' Univi;i^iiy ol' Michiffta, Ann Arbor. Containing 3^ 

plmlip-i;ravur.-s of iVi-siiieiil Jamea B. Aneell, prominent Univtrtll^ 

Buildings, KtDlernil^ Houses. Churches, Views of Ann Arbor, Etc., 

Etc. Done up in blue silk cloih binding. Price, 50 ccnti, pactptud. 

Phyalcnl Laboratory Note Book.-^ -Vate S^^t fur lAr Piy»t^ lai- 

.•roiory, Derigncd lo be iiseiJ in connection with any Piirajcs] 

I^luratnry Manual. Contains full directions for kce|Hng a Phyrioat 

Laboratory Not p Book. 111 pages of eicetlent ledger wrr"' 

ruled in cross sections. Metric System, siie TtgH inciius. 

full canvass, leather comers. Price, liy mall, 30 cents. Spe«iat 

prices to SchooU furnished on application. 

BoUnical Laboratory Note Boole.— .^ ^Vau Boai /or tit Bf/ameai iat- 
,^i;il->rf. 100 pages of best ttriling paper, nileil with top ma^na. 
Pocket on inside of front cover for drawing cards, Bound in inb^ 
stantial cloth cover and leather back. Sice 6xg>i. Price, by mul* 
3$ cents. S|iccial prices to schools furnished on application. 

Basineerioe; Labor«t»r7 Note Book.^y^ A'otf Boakjor tht SngiiMrimi 
Ltbiraisry, UnivtesUy of Afiefiigan. Full iheep hiniUog. Sib 
5>SxS. Conuins K>o pages. (Withi-enetal directir-ns. Craaaec 
lion ruled). IVice 75 cents. ■. ■ 
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